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Human pegivirus (HPgV), previously called hepatitis G virus or GB virus C, is a lymphotropic virus with undefined
pathology. Because many viruses from the family Flaviviridae, to which HPgV belongs, are neurotropic, we studied
whether HPgV could infect the central nervous system.
We tested serum and cerebrospinal fluid samples from 96
patients with a diagnosis of encephalitis for a variety of
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pathogens by molecular methods and serology; we also
tested for autoantibodies against neuronal antigens. We
found HPgV in serum and cerebrospinal fluid from 3 patients who had encephalitis of unclear origin; that is, all
the markers that had been tested were negative. Singlestrand confirmation polymorphism and next-generation
sequencing analysis revealed differences between the
serum and cerebrospinal fluid–derived viral sequences,
which is compatible with the presence of a separate HPgV
compartment in the central nervous system. It is unclear
whether HPgV was directly responsible for encephalitis in
these patients.

H

uman pegivirus (HPgV) was originally described as a
hepatitis virus by 2 independent groups of researchers
and called GB virus C and hepatitis G virus (1,2). Whereas the infection was found to be common in patients with
forms of chronic hepatitis, and particularly prevalent in patients with chronic hepatitis C infection, it is not associated
with liver injury in the absence of concomitant infection
with hepatitis C virus (HCV) or hepatitis B virus (HBV).
Furthermore, the liver is not the primary replication site for
this virus (3,4). This virus was recently renamed as pegivirus and assigned to a new genus (Pegivirus) within the
family Flaviviridae (5).
Infection with HPgV is common worldwide; ≈5%
of healthy blood donors in industrialized countries are
viremic, whereas in some developing countries the prevalence of viremia among blood donors is ≈20% (6). There
is evidence that HPgV is transmitted parenterally, sexually, and also vertically from mother to child (7). However, the high proportion of HPgV infection in apparently
healthy blood donors and the general population suggests
existence of nonparenteral routes. The reasons for the
high prevalence of infection in developing countries are
not entirely clear but could be related to overall poor hygienic conditions, as well as to the time of exposure. In
sub-Saharan Africa, where HPgV is particularly common,
this virus is transmitted mainly during childhood, which
may facilitate the establishment of chronic infection (7).
Because no association between HPgV and disease has
been consistently identified, blood donors are not routinely screened for the virus.
Interest in the HPgV infection was revived when
several studies identified its beneficial effect on the survival of HIV-infected persons (8,9); anti-HIV replication effects of HPgV were confirmed in vitro (8). Several
in vivo and in vitro studies suggest that HPgV may directly interfere with HIV replication and affect host cell
factors necessary for the HIV life cycle; specific mechanisms include modulation of cytokine and chemokine
release and receptor expressions and lowering of T-cell
activation and proliferation (9). However, infection with
1786

HPgV may not be totally benign; some studies found an
association between infection and non-Hodgkin lymphoma (10,11), which could be the result of lowered immune activation.
Many viruses from the family Flaviviridae, most
prominently arthropodborne viruses (arboviruses) such
as West Nile virus (WNV) and tick-borne encephalitis
virus (TBEV), are neurotropic and a prominent cause of
encephalitis in Europe and North America (12). These factors raise the question whether HPgV could be neurotropic
and whether it could be an etiologic agent in neuroinfections. Of note, despite substantial progress in diagnostics,
the etiology of encephalitis remains unclear in 40%–80%
of patients (13,14). A plethora of pathogens may cause
encephalitis; many of these pathogens are rare and thus
testing is not performed to identify them, and others have
not yet been identified.
Three recent case reports described HPgV RNA in
the human central nervous system (CNS), demonstrating that the virus can be present in the brain under certain
circumstances (15–17). In the first study, viral sequences
were detected postmortem in brain tissue from a patient
with multiple sclerosis, not encephalitis (15). In the second
study, the presence of HPgV might have been related to a
severely compromised blood–brain barrier; the patient was
HIV-positive and had cerebral toxoplasmosis and fungal
encephalitis (16). Although the full-length virus was recovered from the patient’s brain tissue, it is unclear which
cells harbored the virus and it was possible that the actual
source was blood. Furthermore, the association of HPgV
with multiple sclerosis could not be established because
the study was limited to a single case. In the third study,
HPgV was detected in serum and CSF of a patient with a
severe form of encephalitis of unclear origin (17). Of these
3 studies, none included comparison of serum- and CNSderived virus. We conducted a study of 96 consecutive patients with diagnosis of encephalitis (18) in Poland during
2012–2015 to determine whether HPgV could be found in
the CNS.
Materials and Methods
Patients and Routine Diagnostics

We prospectively enrolled patients with encephalitis at
the Warsaw Hospital for Infectious Diseases (Warsaw,
Poland) from June 2012 through July 2015. The details
of this study were published previously (18). We defined
encephalitis as an acute-onset illness with altered mental
status, decreased level of consciousness, seizures, or focal neurologic signs, together with >1 abnormality of the
CSF (leukocyte count >4 cells/mm2 or protein level >40
mg/dL). We obtained written informed consent from all
patients or from close relatives of patients unable to give
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consent due to their condition. The Internal Review Board
of the Medical University of Warsaw approved the study.
We collected CSF and serum samples from patients at
admission (5–7 days after symptom onset) and kept them
frozen at -80°C until analysis. We tested the samples from
all 96 patients for the presence of 5′ untranslated region
(UTR) HPgV RNA. We performed real-time quantitative
PCR (qPCR) or real-time quantitative reverse transcription PCR (qRT-PCR) to detect human herpesvirus (HHV)
1 and 2, varicella zoster virus (VZV), cytomegalovirus
(CMV), HHV-6, enteroviruses (coxsackievirus A9, A16,
B2, B3, B4, B5; echovirus 5, 6, 9, 11, 18, 30; and enterovirus 71), TBEV, WNV, and human adenovirus (HAdV) in
CSF samples. We used commercial serologic tests to test
CSF and paired serum samples for HHV-1, HHV-2, VZV,
TBEV, and WNV as described (18). We detected autoantibodies against neuronal surface antigens using the Autoimmune Encephalitis Mosaic 6 assay (Euroimmun AG,
Luebeck, Germany).
HPgV 5′ UTR and E2 Amplification

We extracted total RNA with TRIzol LS (ThermoFisher
Scientific, Waltham, MA, USA) from 400 µL of CSF or serum and suspended RNA in 20 µL of water, 5 µL of which
was subsequently used for each amplification reaction. We
amplified the HPgV 5′ UTR by nested reverse transcription
PCR (RT-PCR) as described previously (19), resulting in
421 bp-length product; we amplified the E2 region following the RT-PCR protocol published by Smith et al. (20).
The final product was 422 bp in length.
Single-Strand Conformation Polymorphism

We subjected the amplified PCR products to single-strand
conformational polymorphism analysis, as described previously (21). In brief, we purified HPgV 5′ UTR and HPgVE2 PCR products by using the Wizard PCR Preps DNA
Purification System (Promega, Madison, WI, USA). We
then subjected the products to thermal denaturation, ran
them on nondenaturing 1% polyacrylamide gels at 400V
in 25°C, fixed them with acetic acid, and stained them with
silver stain.
Next-Generation Sequencing

We reamplified RT-PCR products with primers specifically
designed for the Illumina MiSeq platform (Illumina, San
Diego, CA, USA). Each primer contained the following:
sequences complementary to the adapters on a flow cell;
an 8-nt index sequence; sequences corresponding to the Illumina sequencing primers; and sequence-specific nested
primers for the 5′ UTR and E2 region. Amplification of the
5′ UTR region included initial denaturation at 94°C for 5
min, 20 cycles of 94°C for 1 min, 58°C for 1 min, 72°C for
1 min, and final elongation at 72°C for 10 min. HPgV E2

amplification included denaturation at 94°C for 5 min followed by 20 cycles of 94°C for 18 s, 55°C for 20 s, 72°C
for 90 s, and 1 cycle at 72°C for 10 min. We trimmed the
libraries by using the LabChip XT apparatus (PerkinElmer,
Waltham, Massachusetts, USA) with the DNA 300 Assay
Kit (PerkinElmer); the range of fraction collection was
370–430 bp for 5′ UTR and 460–530 bp for E2.
We assessed the quality and average length of nextgeneration sequencing libraries by using Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). We equimolarily pooled the indexed samples and sequenced them
on Illumina MiSeq with 301 bp-end reads according to the
manufacturer’s protocol.
Data Analysis

We trimmed raw reads using cutadapt version 1.2.1
(https://github.com/marcelm/cutadapt/); (22), then used
FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/
index.html) for additional processing. We removed all
Phred quality score reads <20 using FASTQ/A Artifacts
Filter and preprocessed the remaining reads (grouping,
counting, and frequency arrangement) using R scripts
(23). To diminish the contribution of false positive variants to genetic diversity, we applied the experimentally
established sequencing error cutoff of 1.22%. Finally, we
aligned remaining sequences and generated phylogenic
trees with ClustalX version 2.0 (http://www.clustal.org/
clustal2/) (24). We assessed nucleotide diversity per site
and the number of substitutions with respect to the dominant serum sequence in each patient using DnaSP version
6.11.06 (25). We predicted the RNA secondary structures
of the 5′ UTR using Mfold version 3.2 (http://unafold.
rna.albany.edu/?q=mfold) (26), and searched for putative
B cell epitopes within the E2 region using BepiPred-2.0
(http://www.cbs.dtu.dk/services/BepiPred/) (27).
Results
Four patients were positive for 5′ UTR HPgV RNA in serum, and 3 of these patients were also positive in CSF. We
analyzed the samples from those 3 patients; their samples
were collected at admission, which was 5–7 days after
symptom onset. We diagnosed encephalitis of unclear
origin for all 3 patients because they were negative for all
the pathogens tested (Table 1). The small number of HPgV-infected patients did not allow for statistical analysis,
but these patients were not strikingly different from other
encephalitis patients. We initially suspected 1 patient,
who had a severe illness with prolonged hospitalization,
of having HHV infection, but tests did not confirm HHV.
All 3 patients recovered without any neurologic sequelae.
We compared serum- and CSF-derived 5′ UTR and
E2 amplicons from the 3 patients by single-strand conformational polymorphism analysis (Figure 1). Because this
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Table 1. Comparison of clinical characteristics of 3 encephalitis patients infected with human pegivirus compared with patients with
other forms of encephalitis, Poland, 2012–2015*
Other encephalitis patients
Encephalitis patients infected
with pegivirus
Infectious cause
Unknown cause or
Characteristic
Patient 1 Patient 2 Patient 3
identified, n = 41† autoimmune illness, n = 52‡
Male sex
No
No
Yes
30 (73)
23 (44)
Median age, y (range)
55
28
20
38 (19–85)
38 (20–82)
Pharmacological immunosuppression
0
0
0
2 (5)
3 (6)
present
HIV positive
0
0
0
0
2 (4)
Cancer
0
0
0
6 (15)
1 (2)
Median length of hospital stay, d (range)
41
30
8
12 (5–97)
11.5 (6–79)
Fever >38°C
Yes
Yes
No
26 (63)
18 (35)
Headache
Yes
Yes
No
22 (54)
25 (48)
Altered mental status
Yes
Yes
No
36 (88)
47 (85)
Focal neurologic signs
No
No
Yes
9 (22)
10 (20)
Seizures
No
No
Yes
12 (29)
16 (31)
Stiff neck
No
No
No
7 (17)
12 (23)
CSF analysis
Median leukocyte count, cells/mm2 (range)
3
4
3
41 (1–1225)
18 (1–362)
Median protein level, g/L (range)
0.68
0.26
1.63
0.57 (0.16–3.21)
0.56 (0.11–3.33)
Death
0
0
0
1 (2.4)
0
*Values are no. (%) unless otherwise indicated. CSF, cerebrospinal fluid
†Identified infections were human herpesvirus 1 (n = 22), enterovirus (n = 6), varicella zoster virus (n = 5), tick-borne encephalitis virus (n = 6), and
cytomegalovirus (n = 2).
‡All markers of viral infection were negative, but 5 patients had antibodies against N-methyl-D-aspartate receptor and a diagnosis of autoimmune
encephalitis.

analysis suggested the presence of differences between the
serum- and CSF-derived viral sequences in individual patients, we subjected all amplicons to next-generation sequencing. After filtering, the mean number of reads per sample was 70,759 (range 2,706–183,046) (Table 2).
When we compared 5′ UTR and E2 sequences phylogenetically, we found that serum- and CSF-derived
sequences clustered together in individual patients; no
sequence was found in multiple patients (Figure 2).
Of note, we found several variants to be unique in the
CSF compartment. These sequences comprised 2.28%–
29.32% of all variants for 5′ UTR and 0%–41.78% of all
variants for E2 (Table 2; Figure 3). Unique CSF-derived
sequences were also present when we analyzed the E2
region on the amino acid level (Figure 4). The changes
were serine to phenylalanine at aa position 508 in patient
2 and proline to leucine at position 572 in patient 3. Both
changes were within the predicted B cell epitopes (aa
506–522 and 559–572).
We analyzed all 5′ UTR sequence variants to determine the predicted stability of their secondary RNA structure. We deemed the effect of variations minor because
most were localized in the nonbasepaired parts (data not
shown), and free energies of the hypothetical secondary
structures were only occasionally and mildly affected (online Technical Appendix Figure, https://wwwnc.cdc.gov/
EID/article/24/10/18-0161-Techapp1.pdf) (28).
Discussion
We detected HPgV sequences in CSF from 3/96 patients
with encephalitis. We classified all 3 cases as encephalitis
1788

Figure 1. Single-strand conformation polymorphism analysis of
5′ UTR and E2 region human pegivirus amplicons from 3 patients
with encephalitis of unclear origin, Poland, 2012–2015. CSF,
cerebrospinal fluid; S, serum; UTR, untranslated region.
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Table 2. 5 Human pegivirus variants in serum and cerebrospinal fluid in 3 patients with encephalitis of unknown origin, Poland,
2012–2015*
Patient 1
Patient 2
Patient 3
RNA region
Serum
CSF
Serum
CSF
Serum
CSF
5 untranslated region
No. reads before error cutoff
124,987
110,331
108,002
183,046
101,240
145,411
No. reads after error cutoff
61,783
57,668
49,075
109,061
55,328
75,998
No. nucleotide variants†
3
7
3
3
2
3
No. unique nucleotide variants in CSF†
–
5 (29.32)
–
1 (2.28)
–
1 (2.49)
No. nucleotide substitutions
2
7
2
2
1
2
Nucleotide diversity per site
0.004
0.007
0.004
0.004
0.003
0.004
E2 region
No. reads before error cutoff
70,460
38,025
77,656
76,918
2,706
82,738
No. reads after error cutoff
26,720
20,619
26,558
42,609
453
34,887
No. nucleotide variants†
8
4
8
9
4
7
No. unique nucleotide variants in CSF†
–
0
–
5 (41.78)
–
3 (27.28)
No. nucleotide substitutions
4
2
5
5
2
3
Nucleotide diversity per site
0.007
0.004
0.006
0.007
0.004
0.005
No. amino acid variants†
2
2
2
5
2
4
No. unique amino acid variants in CSF†
–
0
–
3 (27.28)
–
2 (27.28)
*Numbers in parentheses are percentages. CSF, cerebrospinal fluid
†After applying the 1.22% sequencing error cutoff.

of unknown origin because they were negative for serologic and molecular markers of common CNS pathogens.
Furthermore, we demonstrated that these viral sequences
differed from those circulating in serum. The presence
of viral RNA in CSF could be due to a compromised
blood–brain barrier, which was possible in these patients
with encephalitis. However, the presence of differences in

circulating and CSF-derived sequences is more compatible
with the existence of separate viral compartments and thus
independent replication. Similar compartmentalization in
which distinct blood and CNS viral populations indicate
separately evolving populations has been described for other viruses, most prominently for HIV (29) but also for HCV
(30,31) and human BK polyomavirus (32).
Figure 2. Phylogenetic
analysis of A) 5′ UTR and
B) E2 region sequences
of human pegivirus from 3
patients with encephalitis
of unclear origin, Poland,
2012–2015. Phylogenic trees
were generated using ClustalX
version 2.0 (http://www.clustal.
org/clustal2/). Viral variant
frequencies follow haplotype
number. Red indicates
patient 1; blue, patient 2;
green, patient 3. Scale bars
indicate number of nucleotide
substitutions per site. C,
cerebrospinal fluid; S, serum;
UTR, untranslated region.
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Figure 3. Comparison of
E2 region human pegivirus
sequences amplified from serum
and cerebrospinal fluid from
3 patients with encephalitis of
unclear origin, Poland, 2012–
2015. Numbers in parentheses
represent the number of reads
representing a given sequence.
Shading indicates sequences
unique to cerebrospinal fluid.
Nucleotide numbering follows
the reference strain published
by Linnen et al (2) (GenBank
accession no. NC_001710.1).
C, cerebrospinal fluid; S, serum.
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Figure 4. Comparison of amino acid composition of E2 region human pegivirus sequence variants amplified from serum and
cerebrospinal fluid from 3 patients with encephalitis of unclear origin, Poland, 2012–2015. Numbers in parentheses represent the
number of reads representing a given sequence. Shading indicates sequences unique to cerebrospinal fluid. C, cerebrospinal fluid;
S, serum.

It is unclear how HPgV could access the CNS. Although initially HPgV was thought to be a hepatotropic
virus, the viral negative strand, which is the putative replicative intermediate of the virus, was not detected in liver tissue (3); however, it was found in bone marrow and
spleen (33,34). The virus is now considered lymphotropic
because it can be detected at a low level in multiple lineages
of peripheral leukocytes (35,36), and it has been speculated
that the primary target could be a progenitor hematopoietic stem cell. The route for CNS access could be through
infected leukocytes; all basic groups (T cells, B cells, macrophage/monocytes, and NK cells) have the ability to enter
the brain under certain conditions (37). Certain monocyte
family members are constantly replaced as part of normal
physiology (38,39), while the entry of T cells and B cells
depends largely on their activation state (40,41). Such a
phenomenon related to trafficking of infected leukocytes
through the blood–brain barrier has been long postulated
for HIV-1 neuroinfection (42).
Whether HPgV was the causative factor of encephalitis in the patients we describe is not clear. Viral pathogens

are typically present only transiently in CSF and this
window could be easily missed, particularly when the
spinal tap is done too late in the course of illness (43).
If HPgV encephalitis exists, it could be a rare phenomenon. In a previous study of 17 encephalitis and aseptic
meningitis cases of unknown cause, no CSF sample was
positive (44). However, even infections with well-known
neurotropic agents from the Flaviviridae family, such as
WNV or TBEV, are usually subclinical or asymptomatic;
clinical signs and symptoms develop only in 5%–30% of
cases (45,46). Of note, in 2 of the cases we describe, the
encephalitis was mild, and all 3 patients recovered without any neurologic sequelae. Obviously, the mere presence of a pathogen in the CNS in patients with encephalitis does not prove causality; for example, HCV sequences
are commonly detected in brain and CSF of infected patients without any accompanying evidence of encephalitis
(29). In our study, we detected HPgV sequences in CSF
only in patients without an obvious cause of encephalitis
and in none of the patients in whom a known pathogen
was identified.
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The identified 5′ UTR and E2 region sequence differences between CSF and serum compartments could
have biological meaning. The 5′ UTR contains an internal
ribosomal entry site that allows cap-independent viral
translation (28). Such structures were identified within the
5′ UTR of the picornaviruses and were shown to interact
with cellular proteins, thus affecting the host range of individual viruses (47). Research has also shown that, for
HCV, translation efficiencies of brain-derived internal ribosomal entry site variants are generally lower than those
found in serum, which could be a viral strategy favoring
latency in the CNS (31). Taking this into consideration,
we speculated that at least some of the 5′ UTR changes
in the patients we report represent tissue-specific adjustment. Viral adaptive changes could be relatively small and
yet make a huge difference; for example, it has been demonstrated for lymphocytic choriomeningitis virus in mice
that variants differing by a single amino acid substitution
are competitively selected either by the liver and spleen or
by neurons (48).
On the amino acid level, we saw 2 unique E2 region
changes in CSF variants compared with serum: in patient
2, serine was changed to phenylalanine at aa position 508,
and in patient 3, proline was changed to leucine at position
572. Both were within regions predicted to contain B-cell
epitopes, thus suggesting that they were the effect of immune pressure. Furthermore, the change in patient 3 was
located in the region of E2 that was experimentally shown
to contain a strong antigenic site and likely to be involved
in cell binding or fusion (49).
RNA viruses in particular are characterized by a high
degree of genetic heterogeneity; probably because the lack
of proofreading 3′ 5′ exonuclease activity in viral RNA
polymerases causes low fidelity. As a result, viruses circulate in the infected host as a population of closely related but nonidentical genomes, referred to as quasispecies
(50). It is unclear whether the observed high HPgV variability developed in the patients we describe de novo after
infection or if most or all variants were transmitted from
the infecting host; both mechanisms could occur together.
However, because viral transmission is typically accompanied by narrowing of the quasispecies spectrum (known as
the bottleneck phenomenon), some extent of postinfection
evolution is highly likely.
In summary, we detected HPgV sequences in the
CSF of 3 patients with encephalitis of unclear origin, and
these sequences from CSF differed from those circulating
in serum. These findings are compatible with the presence of a separate viral compartment in the CNS. Determining if the pegivirus was responsible for encephalitis
or if it was present along with another cause of encephalitis will require further research, including histopathological analysis.
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The substantial increase in prevalence and emergence
of antigenically divergent or highly pathogenic influenza
A(H7N9) viruses during 2016–17 raises concerns about
the epizootic potential of these viruses. We investigated
the evolution and adaptation of H7N9 viruses by analyzing available data and newly generated virus sequences
isolated in Guangdong Province, China, during 2015–
2017. Phylogenetic analyses showed that circulating
H7N9 viruses belong to distinct lineages with differing
spatial distributions. Hemagglutination inhibition assays
performed on serum samples from patients infected with
these viruses identified 3 antigenic clusters for 16 strains
of different virus lineages. We used ancestral sequence
reconstruction to identify parallel amino acid changes on
multiple separate lineages. We inferred that mutations in
hemagglutinin occur primarily at sites involved in receptor recognition or antigenicity. Our results indicate that
highly pathogenic strains likely emerged from viruses
circulating in eastern Guangdong Province during March
2016 and are associated with a high rate of adaptive molecular evolution.

S

ince its first detection in March 2013, avian influenza
A(H7N9) virus has caused 1,534 human infections
that, as of November 30, 2017, had resulted in 608 deaths.
Recurrent waves of human cases have been reported in 27
provinces in China, indicating sustained transmission of
H7N9 viruses (1). Moreover, since its emergence, H7N9
virus has reassorted with influenza A(H9N2) viruses that
co-circulate in China, resulting in an increasingly diverse
array of virus genomes (2–4). The fifth influenza epidemic
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wave (2016–17) was marked by a notable increase in the
number of human cases (677 during September 2016–
May 2017), making it the largest outbreak of influenza
A(H7N9) since 2013. Moreover, geographic distribution
of human cases suggests that H7N9 virus is now more
widespread and that residences of patients have shifted
gradually from urban to semiurban and rural areas (1,5–
7). These epidemiologic observations have raised public
health concerns.
Previous molecular surveillance studies suggested that
H7N9 virus lineages originate in 2 densely populated areas, the Yangtze River Delta region in eastern China and
the Pearl River Delta region in central Guangdong Province (8). Preliminary epidemiologic data suggested that
most human infections in the current fifth epidemic wave
were caused by viruses from the Yangtze River Delta region (5) (previously named lineage C viruses) (3). These
viruses, in contrast to viruses from the Pearl River Delta
region (previously named lineage B viruses) (3), appear
to exhibit reduced cross-reactivity with existing candidate
vaccine virus strains (9). Furthermore, a subset of lineage
C isolates has also acquired a highly pathogenic (HP) phenotype (5,10,11).
These observations suggest that the increased epidemic activity of H7N9 viruses in China might be driven, at
least in part, by ongoing virus evolution and adaptation.
Decreased cross-reactivity and increased pathogenicity of
some H7N9 viruses was discovered only recently (9), and
the genetic diversity and evolution of the current fifth epidemic wave of these viruses are not yet well understood.
Information necessary to clarify this situation includes
geographic distribution of currently circulating H7N9 virus
lineages, origin and genetic composition of newly emerged
HP H7N9 viruses, and evolutionary and structural characterization of mutations associated with the fifth epidemic
wave of these viruses.
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We report 47 hemaglutinnin (HA) and 43 neuraminidase (NA) gene sequences of human-derived and poultryderived H7N9 viruses that were isolated during 2015–2017
in Guangdong Province, China. We conducted structural
and evolutionary analyses of these strains and characterized the evolution and emergence of currently circulating
H7N9 viruses in China.
Materials and Methods
Ethics

This study was approved by the institutional ethics committee of the Center for Disease Control and Prevention of
Guangdong Province. Written consent was obtained from
patients or their guardian(s) when samples were collected.
Patients were informed about the study before providing
written consent, and data were anonymized for analysis.
Sample Collection

Samples from persons with suspected cases of influenza
A(H7N9) were initially tested for avian influenza A virus
in provincial clinics in Guangdong Province. Specimens
with positive results were subsequently analyzed (12,13).
For poultry-related samples, we obtained samples from
locations where poultry were housed and processed (e.g.,
cages, feeding troughs, defeathering machines) (12). Respiratory specimens were collected from persons with
suspected cases of influenza A(H7N9) by the Ministry of
Health of China.
Sequence Alignment

For phylogenetic studies, we sequenced 47 HA and 41 NA
sequences from 20 human samples and 28 poultry-related
samples; all belonged to the fourth and fifth epidemic waves
of influenza A(H7N9) (GISAID [https://www.gisaid.org/]
accession nos. EPI866538–77, 972231–6, 972238–303,
974029, 974523, 974539–42, 997159–60, and 1171786–
93). These new H7N9 sequences were combined with all
available H7N9 gene sequences whose sampling dates and
locations were known. Two gene sequence datasets were
generated: H7, HA (n = 737) and N9, NA (n = 610). We
constructed multiple sequence alignments by using ClustalW (14) and edited these sequences manually by using
AliView (15).
Molecular Clock Phylogenetic Analysis

We estimated molecular clock phylogenies by using the Bayesian Markov Chain Monte Carlo approach
implemented in BEAST version 1.8 (16) as described
(4). We computed 4 independent Markov Chain Monte
Carlo runs of 1.5 × 108 steps for each alignment and extracted a subset of 2,000 phylogenies from the posterior
tree distribution, subsequently used as an empirical tree
1796

distribution for phylogeographic analyses (17). We computed maximum clade credibility trees for each dataset by
using TreeAnnotator (16).
Phylogeographic Analysis of
Influenza A(H7N9) Epidemic

We used the discrete phylogeographic method (18) implemented in BEAST to investigate spatial dynamics of H7N9
virus lineages from 6 regions in China as classified in a previous study (4). The 6 locations were eastern China (Anhui,
Shanghai, Zhejiang, Jiangsu, and Shandong); central China (Jiangxi and Hunan); northern China (Beijing, Henan,
Hebei, and Xinjiang); southeastern China (Fujian); central Guangdong Province (Guangzhou, Huizhou, Foshan,
Dongguan, Zhongshan, Shenzhen, Jiangmen, Zhaoqing
Yangjiang, Maoming, and Yunfu); and eastern Guangdong
Province (Meizhou, Heyuan, Chaozhou, Jieyang, Shantou,
Shanwei, and Shaoguan).
Because sporadic human cases detected in Malaysia
and Taiwan were believed to have originated in China,
we used available epidemiologic information to assign
their location to the most likely source in China. Hong
Kong and central Guangdong Province were treated
as a single location because of their proximity to each
other. We analyzed reported H7N9 virus infections and
virus sequences (online Technical Appendix Table 1,
https://wwwnc.cdc.gov/EID/article/24/10/17-1063Techapp1.pdf). To estimate directionality of virus lineage
movement, we used asymmetric continuous-time Markov
chain phylogeographic model (19) and a Bayesian stochastic search variable selection procedure (18).
Inferring Phylogenetic Distribution of
Amino Acid Changes

We investigated phylogenetic positions of amino acid
changes among H7N9 virus isolates by using HA and NA
maximum clade credibility trees. We estimated maximum
posterior probability amino acid sequences for each internal node by using BEAST with a Jones–Taylor–Thornton
amino acid substitution model (20), gamma-distributed
among-site rate heterogeneity (21), and a strict molecular
clock model. To infer amino acid substitutions along the
trunk branches of the H7N9 phylogeny, we mapped amino
acid changes onto internal branches by using a Java script
(available on request). Trunk branches corresponded to
internal branches that subtended >5 terminal nodes in the
fifth influenza epidemic wave.
Structure-Based Mapping Analysis

We used the crystal structure of the HA (Protein Data Bank
no. 4BSE) (22) and NA (Protein Data Bank no. 2C4L) glycoproteins from an influenza A(H7N9) virus to map amino acid changes identified by evolutionary analysis. We
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performed residue mapping onto the H7 and N9 structures
by using PyMol (23). We calculated solvent accessibility
for trimeric hemagglutinin with the ligands removed by using ESPript (24) and identified receptor-binding residues
by using CONTACT in CCP4 (25).

C1 strains, 4 lineage C2 strains, 5 lineage B strains, and
4 HP strains were used as antigens (Table). We calculated serum titer for each H7N9 strain as the highest
reciprocal serum dilution providing complete hemagglutination inhibition.

Positive Selection Analyses

Results

To identify sites under positive selection, we used methods
implemented in HyPhy (26) to estimate the dN/dS ratio of
codons in HA. These methods included single-likelihood
ancestor counting (27), fixed effects likelihood (27), mixed
effects model of evolution (28), and the fast unconstrained
Bayesian approximation approach (29).
Estimating Rates of Virus Molecular Adaptation

We estimated rates of adaptive substitution in H7N9 virus
HA and NA genes by using an established population genetic method related to the McDonald-Kreitman test (30,31).
We used a consensus of H7N9 first-wave sequences as an
outgroup to estimate derived and ancestral mutational site
frequencies in each subsequent wave. Specifically, we classified polymorphisms into 3 categories according to their
frequency in the population (low, 0%–15%; intermediate,
15%–75%; and high, 75%–100%). We calculated the number of adaptive substitutions from the number of synonymous and nonsynonymous sites in each category and assessed statistical uncertainty by using a bootstrap approach
(1,000 replicates) (30,31).
Serologic Analysis

We obtained serum samples from 4 patients with influenza A(H7N9) 2–3 weeks after clinical symptoms were
observed. We performed hemagglutination inhibition
assays by using different lineages of H7N9 viruses as
antigens (online Technical Appendix). Three lineage

Molecular Epidemiology of Viruses
Isolated during 2013–2017

During 2013–2017, the influenza A(H7N9) virus epidemic
lineage was geographically structured and classified into 3
major lineages, A, B, and C, in accordance with the lineage naming scheme used in a previous study (3). H7N9
virus has evolved in a clock-like manner (i.e., there is a
strong linear relationship between genetic divergence and
sampling time; correlation coefficient 0.95) (Figure 1). The
estimated time to the most recent common ancestor (TMRCA) of H7N9 virus HA sequences is November 2012
(95% credible region October–December 2012). The corresponding molecular clock phylogeny for NA (online Technical Appendix Figure 1) also shows A–C lineages and
has a similar estimated TMRCA of September 2012 (95%
credible region July–October 2012). However, the topology of the NA phylogeny differs from that of HA, suggesting
reassortment between HA and NA during emergence of the
H7N9 virus epidemic lineage (Figure 2; online Technical
Appendix Figure 1).
Different H7N9 virus lineages are associated with different epidemiologic patterns (Figures 2, 3). Specifically,
most (86%, 32/37) lineage B viruses that were isolated during the fourth and fifth influenza epidemic waves descended
from viruses circulating in central Guangdong Province during earlier epidemic seasons (Figure 2). In addition, lineage
B viruses isolated from the fourth and fifth influenza waves

Table. Hemagglutination inhibition titers for serum samples from 4 patients infected with influenza A(H7N9) virus against reference
H7N9 strains, China*
Titer by patient and H7N9 strain
H7N9 strain
Date of collection
Clade
P1, strain NA P2, strain NA P3, strain ZS29 P4, strain ST18
EPI972232/A/CZ009†
2017 Jan
C1
2,048
2,048
512
512
EPI972243/A/MZ011†
2017 Jan
C1
4,096
4,096
1,024
512
EPI1171792/A/ST18†
2017 Jan
C1
1,024
512
512
512
EPI656434/A/ST72
2015 Feb
C2
256
128
1024
128
EPI866569/A/ST021†
2016 Feb
C2
256
128
512
128
EPI656314/A/SW20
2015 Jan
C2
256
128
512
128
EPI1171791/A/SW33†
2015 Feb
C2
256
128
512
128
EPI972259/A/ZS201†
2016 Dec
B
256
128
512
128
EPI972234/A/FS10†
2017 Jan
B
256
256
512
128
EPI656054/A/ZS74
2014 Jan
B
512
256
512
128
EPI656038/A/ZS71
2014 Jan
B
256
256
512
128
EPI656014/A/GZ66
2014 Jan
B
512
256
512
64
EPI1171786/Env/YJ370†
2017 Sep
HP
64
64
512
64
EPI1171788/Env/YJ073†
2017 May
HP
64
64
512
64
EPI1171790/A/ZS29†
2017 Mar
HP
128
64
512
64
EPI919607/A/17SF003
2017 Jan
HP
256
64
512
128
*HP, highly pathogenic; NA, not available; P, patient no.
†Strains isolated and sequenced in this study.
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Figure 1. Regression of root-to-tip divergence estimated from
hemagglutinin gene of influenza A(H7N9) viruses, China. Arrow
indicates the time of the most recent common ancestor of the
epidemic lineage.

were almost exclusively restricted to central (rather than
eastern) Guangdong Province (Figures 2, 3). In contrast,
viruses in eastern China, composed of 2 lineages (A and
C) have been exported to and become dominant in multiple
regions as the epidemic has progressed (3). These findings
indicate a comparatively broader geographic dissemination
(Figure 3; online Technical Appendix Figure 1).
The new isolates from eastern Guangdong Province,
combined with isolates from eastern China (1,5), suggest
that recent H7N9 virus activity is driven primarily by lineage C viruses (Figure 2). The estimated TMRCA of lineage C is December 2013 (95% highest posterior density
October 2013–January 2014). For lineage C, we observed 2
clades (Figure 4). The larger of these clades (C1) circulates
mainly in central and eastern China, and the smaller clade
(C2) is found predominantly in eastern Guangdong Province. Clade C2 also includes recently identified HP viruses
(Figures 1, 2, 4).
To investigate these HP viruses, we undertook retrospective screening of poultry-related samples collected in
Guangdong Province during January 2016–February 2017
and identified 7 HP influenza virus isolates that belong
to the HP cluster within C2 (Figure 2). These HP viruses
also form a distinct cluster within lineage C viruses in the
NA phylogeny (online Technical Appendix Figure 1). Our
analyses indicated that the HP clade likely emerged from
clade C2 viruses circulating in eastern Guangdong Province in 2016.
Adaptive Evolution in Virus C Lineage

We then investigated whether the increasing prevalence of
lineage C viruses might be associated with virus adaptation. We combined ancestral sequence reconstruction of
lineage B and C HA gene sequences (Figures 4, 5) by mapping residues that have undergone changes onto the crystal
1798

Figure 2. Genetic evolution and spatial spread of epidemic
lineage of influenza A(H7N9) viruses, China, 2013–2017.
Bayesian maximum clade credibility tree of the hemagglutinin
gene is shown. Black bars to the right of the tree indicate
sequences (from waves 4 and 5) from other studies (1,5),
and red bars indicate sequences reported in this study from
Guangdong Province. Branch colors indicate most probable
ancestral locations of each branch. Three major lineages (A, B,
and C) of H7N9 viruses were observed. Values along branches
indicate bootstrap values. Black circles indicate posterior support
>0.95. Location of posterior support is shown for selected
clades. An H7N9 strain closely related to the highly pathogenic
H7N9 virus cluster is indicated. HP, highly pathogenic.
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Figure 3. Geographic location
and lineage classification of
374 influenza A(H7N9) human
viruses, China. Values in
parentheses indicate number
of sequenced viruses from
each region. Pie charts indicate
approximate percentages of
each virus lineage (A, B, C, or
unclustered). Sequences from
Xinjiang Province in northern
China are not shown.

structure of the trimeric hemagglutinin. Our analysis identified several notable amino acid substitutions that occurred
along the internal branches of lineage C viruses (Figure 4).
Around the time of the second influenza epidemic
wave, ancestral viruses of lineage C acquired several amino
acid changes in HA, specifically L177I, G386A, S489R,
and S128N (based on H3 sequence numbering). Three of
these mutations (G386A, S489R, and S128N) are located
in solvent-accessible regions of HA (Figure 6; online Technical Appendix Table 2). Furthermore, S128N was found
within the 130 loop and is proximal to the receptor surface
(distance ≈20 Å) (Figure 6).
We found by evolutionary analysis that several HA
sites acquired amino acid mutations independently in different phylogenetic clades. First, 4 mutations (A135V,
L177I, M236I, and S489N) occurred independently along
the trunk lineages that gave rise to the current lineage B
and C viruses (Figure 5). Three of these mutations (A135V,
M236I, and S489N) were observed only in the fourth and
fifth influenza epidemic waves of lineage B (Figure 5). Second, comparison of the C1 and C2 clades also identified
parallel amino acid changes within lineage C (A122T/P
and M236I) (Figure 4).
The observation of parallel amino acid changes along
those particular lineages (online Technical Appendix
Tables 2, 3) that have persisted until the fifth influenza
epidemic wave (i.e., parallel changes between lineages B

and C and between the C1 and C2 clades) is suggestive
of convergent, adaptive molecular evolution. The parallel
changes in lineage C (A122T/P and M236I) are estimated
to be fully or partially solvent accessible and the A135V
mutation is located at the receptor-binding site (Figure 6).
One subclade of lineage B viruses appears to have acquired
mutations A135V and S489N within the last 12 months
(Figure 5). Therefore, we suggest that this subclade should
be closely monitored in the future.
Within the C2 clade, we found that HA acquired 7
amino acid changes (I48T, A122P, K173E, L226Q, M236I,
I326V, and E393K) on the internal branch immediately ancestral to the HP cluster. This internal branch represents
a period of approximately 1 year (Figure 4). Although all
of these changes appeared in residues with partial or full
solvent accessibility, mutations K173E, L226Q, and I326V
are particularly noteworthy because they have arisen at or
near known antigenic, receptor-binding, and proteolytic
cleavage sites, respectively (Figure 6). Furthermore, these
mutations in the HP cluster also coincide with appearance
of a 4-amino acid insertion (KRTA) near the HA1-HA2
proteolytic cleavage site (Figure 4). A subset of HA substitutions (at sites 57, 114, 140, 226, and 276) that occurred
on the trunk branches of lineages B and C viruses was also
found to be under positive selection on the basis of dN/
dS ratios we estimated by using methods implemented in
HyPhy (online Technical Appendix Table 4).
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Figure 4. Reconstruction of
amino acid changes along
trunk of lineage B phylogenies
of influenza A(H7N9) viruses,
China. Maximum clade
credibility tree of hemagglutinin
gene sequences from lineage
B is shown. Branches are
colored according to geographic
locations, as in Figure 3.
Thicker lines indicate the
trunk lineage leading up to the
current fifth influenza epidemic
wave. Amino acid changes
along the trunk are indicated.
Red branches indicate sites
undergoing parallel amino
acid changes across multiple
lineages. Mutations correspond
to H3 numbering scheme.
*Indicates uncertainty about
the phylogenetic position of the
A135V and S128N mutations
because branch posterior
support is low.

We also investigated whether amino acid changes in
the HA gene during emergence of influenza A(H7N9) virus have been driven by adaptive evolution similar to that
observed for seasonal human influenza (30). We found evidence for adaptive evolution in HA genes of B and C virus
lineages. We estimated that lineage B adapted at a rate of
0.80 (interquartile range [IQR] 0.21–0.95) adaptive substitutions across the whole HA gene per year and lineage A
at a rate of 0.60 (IQR 0.10–1.18) adaptive substitutions per
year. Within lineage C, the estimated adaptation rate of the
C1 clade is ≈1.84 (IQR 1.09–2.14) adaptive substitutions
per year and that for the C2 clade (which includes the HP
cluster) is 3.12 (IQR 2.45–3.79) adaptive substitutions per
year. These results indicate molecular adaptation across the
whole H7N9 lineage and suggest that adaptation is faster
in the 2 C clades than in the A and B lineages. Previous
estimates of rates of adaptive substitution were 1.02 fixations per year in the whole HA gene for seasonal human
1800

influenza A(H1N1) virus and 1.52 fixations per year in the
whole HA gene for influenza A(H3N2) virus (30). In this
context, the rate of adaptive evolution observed for lineage
C here is notable and raises concern for ongoing evolution
of these viruses.
Antigenic Properties

We collected serum samples from 4 patients infected with
H7N9 virus during 2015 and 2017 (Table). For patients 3
and 4, the corresponding virus strains were isolated and
sequenced. Phylogenetic analysis indicated that patient 3
was infected with clade C1 virus and that patient 4 was
infected with HP virus. Hemagglutination inhibition results
suggested the presence of 3 antigenic clusters among the 16
H7N9 virus strains selected. Serum samples from patients
1, 2, and 3 showed similar patterns, reacting robustly to
clade C1 viruses and moderately to clade C2 and lineage B
viruses but poorly to HP viruses. A serum sample from a
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Figure 5. Reconstruction of amino
acid changes along trunk of lineage
C phylogenies of influenza A(H7N9)
viruses, China. Maximum clade
credibility tree of hemagglutinin
gene sequences from lineage C
is shown. Branches are colored
according to geographic locations,
as in Figure 3. Thicker lines indicate
the trunk lineage leading up to the
current fifth influenza epidemic
wave. Amino acid changes along the
trunk are indicated. Red branches
indicate sites undergoing parallel
amino acid changes across multiple
lineages. Mutations correspond to
H3 numbering scheme. *Mutation
sites not present are numbered
according to H7 numbering.

patient infected with an HP H7N9 virus appeared to react
strongly to all H7N9 virus strains.
Discussion
Our results show that H7N9 viruses of lineage C, which
were prevalent in the recent fifth influenza epidemic wave

in China, comprise 2 geographically distinct clades (C1 and
C2) that have undergone adaptive evolution. Clade C1 is
found primarily in eastern and central China and clade 2
in Guangdong Province, and both clades appear to have
circulated in bird populations for ≈3 years. Our ancestral
state reconstruction analysis provides crucial evidence that
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Figure 6. Structural analysis of amino acid changes in hemagglutinin in lineages B and C of influenza A(H7N9) viruses, China. Crystal
structure of the homotrimeric H7 hemagglutinin bound to a human receptor analog (Protein Data Bank no. 4BSE) (27) (A) and rotated 90°
counterclockwise (B) are shown. Two of the 3 protomers are displayed with high transparency to aid visualization. The carbon Cα positions
of salient features are shown as spheres. Blue indicates receptor-binding residues, red indicates mutations in lineage B, green indicates
mutations in lineage C, and orange indicates mutations in lineages B and C. Human receptor analog α2,6-SLN is shown as sticks colored
according to constituent elements: carbon in orange, oxygen in red, and nitrogen in blue. Dark gray indicates the putative fusion peptide
(32). Residues are numbered according to the H3 numbering system (online Technical Appendix Table 2, https://wwwnc.cdc.gov/EID/
article/24/10/17-1063-Techapp1.pdf). A135 and L226 participate in receptor binding and thus are likely to modulate receptor specificity.

2 successful lineages of H7N9 viruses (lineages B and C)
have experienced multiple parallel amino acid changes
(Figures 4, 5), suggesting the possible action of convergent
molecular evolution.
We also observed a higher rate of virus adaptation in eastern Guangdong Province (C2 clade compared with C1). Although clades C1 and C2 are phylogenetically closely related,
serum from a clade C1 virus-infected patient has moderate
reactivity with C2 strains from 2015–2016 and poor reactivity to the HP virus from 2016–2017. The higher adaptation
rate and antigenic changes in clade C2 are of concern from
a public health perspective. Introduction of HP avian influenza into domestic poultry might constitute a serious risk, as
demonstrated by emergence of goose–Guangdong lineage HP
1802

H5N1 viruses, which spilled back into wild birds and caused
the longest global outbreak of HP avian influenza to date (33).
Parallel amino acid changes in clades C1 and C2 occurred at 2 sites in HA (122 and 236) (Figure 6). Furthermore, we observed 4 mutations that emerged independently
in lineages B and C (sites 135, 177, 236, and 489). These results suggest adaptive convergent molecular evolution. Site
135 is located in the receptor-binding region and is near
antigenic site A, as defined by Wiley et al. (34). Thus, the
observed A135V mutation might modulate receptor affinity
and contribute to immune escape (Figure 6), as observed in
influenza A(H7N1) and A(H7N7) viruses (35,36).
Specifically, experimental studies indicate that threonine at position 135 in the HP H7N7 virus A/Netherlands/
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219/2003 confers broad-scale resistance to neutralizing
monoclonal antibodies against the earliest strain of H7N9
virus (A/Shanghai/02/2013) (37). Furthermore, the World
Health Organization has reported that recent clade C1 viruses (but not those of lineage B) react less to postinfection ferret antiserum raised against the A/Anhui/1/2013 and
A/Shanghai/2/2013-derived candidate vaccine strains (9).
Consistent with this finding, we found that most clade C1
viruses isolated in 2015 have the A135V mutation. However, this mutation was only detected in a small proportion
of recent lineage B viruses (Figure 5).
In this study, we performed a preliminary evaluation
of the antigenicity of H7N9 viruses by using patient serum samples collected in 2015 and 2017. Without serum
raised in response to early strains from 2013, we cannot
discriminate antigenic change between strains from 2013
and those from 2017. However, the limited data we have
indicate the presence of 3 antigenic clusters among the
4 phylogenetic clusters circulating during the fifth influenza epidemic wave (Table). HA1 positions 109–301 (H3
numbering) include the A–E antigenic epitopes, which are
known to determine antigenicity of influenza A viruses
(34). The amino acid changes responsible for the antigenic differences between clade C1 and other clades were
located in antigenic site A (position 140, H3 numbering;
online Technical Appendix Figure 2).
The mutation R140K has been observed in viruses
isolated from ferrets experimentally infected with avian influenza A(H7N9) viruses and has been linked to antigenic
drift of influenza A(H5N1) viruses (38–40). By comparing the sequences of the HP H7N9 virus cluster and other
clade C2 viruses, we found a substitution in antigenic site E
(position 173, H3 numbering) that could underlie antigenic
change in HP H7N9 viruses (online Technical Appendix
Figure 2). In future work, we aim to explore the roles of
these substitutions in determining viral antigenicity in the
context of H7N9 virus genomes by using reverse genetics.
HP H7N9 viruses belonging to lineage C2 were first
detected in late 2016, but spread greatly in geographic
range in early 2017 (41). Several mechanisms for the genesis of an HP virus from a low pathogenicity virus have
been proposed, including transcription errors (42), stepwise amino acid substitutions (43), or recombination (44).
For H7, emergence of HP viruses is attributed to nonhomologous recombination resulting in simultaneous insertion of several amino acids at the HA cleavage site. These
insertions might be derived from host 28S rRNA sequence
(45) or from other influenza gene segments, such as the matrix (46) and nucleoprotein genes (44). The 12-nt insert in
the HP H7N9 virus strains is 100% identical to a region in
the polymerase basic 1 gene in multiple avian influenza A
viruses, including subtypes H3N2, H6N2, and H9N2, but
is not present in the polymerase basic 1 gene of HP H7N9

virus. H9N2 virus is the most frequently detected avian influenza virus in chickens in China, and the detection rate
of this subtype in environmental samples from live poultry markets is ≈20% during the influenza epidemic season
(13). Therefore, co-infection with H7N9 and other avian
influenza viruses, such as influenza A(H9N2) viruses,
could, in theory, lead to insertion of a polybasic cleavage
site by nonhomologous recombination.
Recent studies have shown that the HP H7N9 virus
is more pathogenic in mice, and more thermally stable,
than low pathogenicity A/Anhui/1/2013 virus (47,48).
Current surveillance indicates that HP H7N9 viruses
have spread to several provinces in China and are responsible for large influenza outbreaks in poultry in central and northern China that show high mortality rates
(http://www.fao.org/ag/againfo/programmes/en/empres/
H7N9/situation_update.html). This finding raises the
possibility of global dissemination of H7N9 viruses
through migration of wild birds, in a manner similar
to that observed for HP H5N1 viruses first identified
in Guangdong Province (32). Although vaccination of
poultry against H7N9 virus has now been implemented
in some regions of China, virus adaptation and spatial
distribution should be more closely monitored.
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Tuberculosis Treatment
Monitoring by Video Directly
Observed Therapy in 5 Health
Districts, California, USA
Richard S. Garfein, Lin Liu, Jazmine Cuevas-Mota, Kelly Collins, Fatima Muñoz,
Donald G. Catanzaro, Kathleen Moser, Julie Higashi, Teeb Al-Samarrai, Paula Kriner,
Julie Vaishampayan, Javier Cepeda, Michelle A. Bulterys, Natasha K. Martin, Phillip Rios, Fredric Raab

We assessed video directly observed therapy (VDOT) for
monitoring tuberculosis treatment in 5 health districts in California, USA, to compare adherence between 174 patients
using VDOT and 159 patients using in-person directly observed therapy (DOT). Multivariable linear regression analyses identified participant-reported sociodemographics, risk
behaviors, and treatment experience associated with adherence. Median participant age was 44 (range 18–87) years;
61% of participants were male. Median fraction of expected
doses observed (FEDO) among VDOT participants was
higher (93.0% [interquartile range (IQR) 83.4%–97.1%])
than among patients receiving DOT (66.4% [IQR 55.1%–
89.3%]). Most participants (96%) would recommend VDOT
to others; 90% preferred VDOT over DOT. Lower FEDO
was independently associated with US or Mexico birth,
shorter VDOT duration, finding VDOT difficult, frequently
taking medications while away from home, and having
video-recording problems (p<0.05). VDOT cost 32% (range
6%–46%) less than DOT. VDOT was feasible, acceptable,
and achieved high adherence at lower cost than DOT.

T

uberculosis (TB) incidence rates in the United States
increased slightly in 2015 after 20 years of decline
(1). California has the third-highest TB incidence and the
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most TB cases in the United States (2). Although TB is
treatable (3), poor medication adherence leads to ongoing transmission, disease progression, and development of
drug-resistant strains. Treating drug-resistant TB requires
longer regimens with costlier, more toxic, and less effective drugs, highlighting the need for reliable treatment
adherence monitoring (4,5). Strict adherence has become
increasingly important because new short-course and intermittent treatment regimens have lower tolerance for adherence gaps (6) and because preventing acquired resistance
to new drugs developed to treat multidrug-resistant (MDR)
and extensively drug-resistant TB is crucial for preserving
gains made in this area (7).
Given the severe consequences of poor adherence,
health agencies recommend directly observed therapy
(DOT), a process in which healthcare workers or trusted
designees watch patients swallow each medication dose
(8–10). Although DOT is considered the preferred method
for adherence monitoring by health agencies including the
World Health Organization (11) and the US Centers for
Disease Control and Prevention (12), varying degrees of
effectiveness have been reported from delivery of DOT
through home visits by DOT workers, patients visiting
clinics, and trusted family or community members performing observations (13). Furthermore, the DOT process
itself can hinder treatment because of its high cost, personnel requirements, potential for stigma, impact on patient
income and mobility, and travel required by patients or
healthcare workers (14).
These barriers to DOT prompted some US TB programs to use videoconferencing technology through videophones, computers, or smartphones to remotely observe
patients swallowing pills (15,16). This live (synchronous)
approach became known as video directly observed therapy (VDOT). Studies of synchronous VDOT indicate that
patients adhere to their regimens and mostly prefer VDOT
over in-person DOT and that VDOT saves TB programs
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money by reducing travel and personnel costs (17–19).
However, barriers such as limiting observation to business hours, network interruptions, and requirements of
the Health Insurance Portability and Accountability Act
(HIPAA) prompted development of smartphone applications to enable recorded (asynchronous) VDOT. A pilot
study in Kenya provided the first published evidence of
asynchronous VDOT’s acceptance (20). Subsequently, the
first study to systematically evaluate asynchronous VDOT
among TB patients in San Diego, California, and Tijuana,
Mexico, showed that patients and providers found VDOT
to be feasible and acceptable, with >95% of expected doses observed, but lacked a comparison group (21). We assessed treatment adherence for patients using VDOT versus traditional DOT and evaluated adherence, feasibility,
acceptability, and cost differences between urban and rural
TB programs.
Methods
Design

We conducted a prospective, multisite, single-arm trial in
which all participants had TB treatment monitored using
asynchronous VDOT. As a comparator, medical record reviews provided adherence data from a sample of patients
who were monitored using in-person DOT at the same clinics. All VDOT participants used DOT for the first 2 weeks
or until medication tolerance was established (whichever
was longer) before initiating VDOT. Participants continued
using VDOT until treatment completion or their provider
switched them back to DOT.
A University of California–San Diego Institutional
Review Board approved this study, as did each participating health department. Study participation did not affect
treatment prescribed by participants’ physicians.
Population and Recruitment

The study population consisted of patients receiving DOT
for active or suspected pulmonary TB in 3 urban (San Diego, San Francisco, Santa Clara) and 2 rural (San Joaquin,
Imperial) California health jurisdictions. Patients >18
years of age with no plans to move from the jurisdiction
before completing treatment and >30 days of treatment
remaining were eligible. Patients with MDR TB were
eligible; however, only 1.4% of California’s TB patients
had MDR TB (22).
TB program staff recruited patients sequentially during
routine DOT visits. Research staff explained VDOT and
study procedures to interested patients and obtained written informed consent. Asynchronous VDOT was available
only to study participants; patients who declined participation continued treatment through DOT. In San Diego and
Santa Clara counties, synchronous VDOT was also offered

to patients who were unsuitable for DOT. Two patients declined to participate before enrollment, and 5 who initially
consented withdrew before starting VDOT.
Historical controls (n = 159) were group-matched by
age, race or ethnicity, and sex from a random sample of
patients at the 5 study sites to obtain estimates of adherence
to in-person DOT. To avoid selection bias from using patients who were not offered VDOT, controls were selected
from patients who completed TB treatment during the year
before asynchronous VDOT introduction at each site.
VDOT Description

The VDOT application (Figure 1) enabled participants to
record themselves swallowing each treatment dose and
send videos for review by a DOT worker. Each recorded
dose was automatically date- and time-stamped, encrypted,
and uploaded to a secure server over a cellular or wireless
network. Once the data were received by the server, the
smartphone application deleted videos from the device to
prevent unintentional disclosure of participant information
and conserve device memory. Videos were stored on the
smartphone in a manner that prevented viewing, editing,
resending, or deleting them to protect participant privacy
and ensure video fidelity. The asynchronous design allowed participants to take their medications regardless of
network connectivity (e.g., while traveling) because videos
uploaded automatically whenever cellular or WiFi connections were established. An application status screen allowed
participants to see when videos were uploaded or pending.
The system sent daily medication reminders by text message or email. Participants were loaned smartphones with
cellular data plans to ensure that the application performed
identically for all participants and avoided service outages.
TB program staff trained participants to use VDOT
during routine clinic or home visits. As with DOT, whenever possible, participants were seen by staff who spoke
their preferred language; otherwise, telephone-based
translation services were used. Once participants demonstrated VDOT competency, they were given smartphones and instructed to record their next dose alone at
the prescribed time. If the participant or DOT worker
had concerns about the procedures, the DOT worker kept
the phone and repeated the training during subsequent
in-person DOT visits; thus, the number of training days
could vary by participant. Participants also received a
VDOT reference pamphlet. To minimize health risks, participants were instructed to call or visit their healthcare
provider before taking medications when side effects occurred, rather than reporting side effects through videos.
DOT workers regularly logged onto a password-protected
website to view videos and document their observations.
If expected videos were missing or videos did not clearly
show participants ingesting medications, participants
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Figure 1. Schematic of
asynchronous VDOT in a study
assessing VDOT for monitoring
tuberculosis treatment, 5
California health districts,
2015–2016. Patients use VDOT
smartphone application to record
a video of themselves ingesting
their medications. After recording
stops, the application encrypts
the video and transfers it through
a cellular or Wi-Fi connection to a
server for storage and playback.
On a routine basis, treatment
monitors log into a secure website
to view each video and document
their observations. Missing videos
or videos not showing complete
dose ingestion trigger follow-up
procedures to investigate missed
doses and provide patient support
as needed. VDOT, video directly
observed therapy.

were contacted to identify problems and provide support
as needed. Decisions about returning participants to DOT
were made on a case-by-case basis rather than by using
strict adherence-based criteria because some missed doses were unavoidable and requiring DOT for participants
who could not meet in-person might adversely affect adherence. Routine medication refill and health monitoring
visits occurred per standards of care.
Data Collection

We conducted brief (15–20 minute) baseline (before initiating VDOT) and follow-up (after ending VDOT) telephone interviews to assess sociodemographic variables,
experience using mobile technology, TB history and risk
factors, privacy concerns, and perceptions of TB treatment
monitoring. Research staff, rather than care providers, conducted interviews to minimize response bias. Participants
received $10 USD for each interview; no remuneration was
paid for sending videos.
To measure treatment adherence among control patients, TB program staff reviewed their DOT records abstracting treatment start and end dates; DOT start and end
dates; treatment outcome; and the number of doses expected, observed, and unobserved (i.e., self-administered, not
taken, or treatment suspended). DOT was predominantly
community-based and required staff travel; however, San
Francisco also offered clinic-based DOT to patients who
could conveniently access the clinic. Nonclinical personnel conducted most DOT visits; nurses also provided some
DOT based on clinical needs and staffing considerations.
Control patients were not interviewed.
1808

VDOT versus DOT

Because VDOT was introduced after participants had initiated treatment using DOT, we calculated the fraction of
expected doses observed (FEDO) while the patient was
on VDOT as a measure of adherence. FEDO equals the
number of observed doses divided by the sum of observed
doses, missed doses, and self-administered doses. For each
day that medication doses were expected, DOT workers
documented whether they observed all, some, or no pills
being ingested. For this analysis, doses were only considered observed if all pills were taken. If no video was received or ingestion of fewer than all pills was observed,
the dose was considered missed, as were self-administered
doses. Because weekend doses are not ordinarily observed
in DOT, they were excluded from this calculation. FEDO
was calculated for VDOT and control patients. Adherence
(doses observed divided by total doses prescribed) was
also computed for control patients because they used DOT
throughout their treatment.
Cost Analysis

Employing a healthcare provider perspective, we used an
ingredients-based, bottom-up approach (23,24) to estimate
the average per-patient cost of a standard, Centers for Disease Control and Prevention–recommended (3), 6-month
treatment regimen for drug-susceptible TB using DOT or
VDOT. Because the likelihood of medication side effects
differs between the intensive (56 daily doses) and continuation (126 daily doses) phases of treatment, costs were
stratified by treatment phase and then summed to calculate
the overall average patient treatment cost. Nurses from 4
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sites completed a standardized questionnaire assessing personnel time, personnel salaries, and resources required to
administer DOT and VDOT. Staff turnover precluded data
collection from the fifth site. Completed questionnaires
were discussed jointly by teleconference to ensure that all
sites interpreted the questions and responded uniformly.
Cost data were collected during March–June 2017 and presented in 2017 USD.
DOT personnel costs included time for patient contact,
administrative tasks, and travel. VDOT personnel costs included time for community-based visits before initiating
VDOT, patient VDOT training, administrative tasks, video
observation, and follow-up when expected videos were
not received. Some in-person observations also occurred
among patients using VDOT because all patients received
DOT for >2 weeks before starting VDOT and patients in
San Francisco were observed in-person during weekly
medication refill visits to the clinic. We converted annual
salaries, including fringe benefits, into an hourly rate, assuming a 40-hour workweek. All personnel reported fulltime employment. The total time for each DOT-related
task (administrative, patient contact, and travel) needed to
treat each patient was multiplied by the hourly rate and then
summed for all personnel.
To calculate an overall per-patient travel cost, we multiplied the average number of miles per patient visit and
total number of in-person visits by the current federal mileage reimbursement rate ($0.54 per mile). This approach
conservatively estimated travel costs because it assumed
that DOT workers used personal vehicles rather than costlier county-owned vehicles. Because DOT workers often
visited multiple patients in a single outing rather than returning to the health department between each patient visit,
we calculated the average number of miles per visit by
dividing the average number of miles driven per day for
DOT-related activities by the average number of in-person
visits on any given day.
Corporate prices paid by the investigators for smartphones ($100) and service plans ($54/month) during the
study were applied to all sites. An estimated VDOT application cost of $35/month/patient was applied on the basis of
products commercially available at the time this article was
written. Costs of antibiotics, laboratory tests, chest radiographs, and clinical examinations were excluded because
they were assumed to be equivalent for VDOT and DOT.
Statistical Analysis

We used Kruskal-Wallis and Fisher exact tests to determine differences in sociodemographic characteristics, TB
history, TB risk factors, and VDOT perception variables
across study sites. We assessed associations between FEDO
and independent variables by using Kruskal-Wallis tests
(categorical variables), Wilcoxon rank sum tests (binary

variables), and Spearman correlation coefficients (continuous variables). We used simple linear regression to identify
factors associated with FEDO and considered significant
variables (p<0.15) for inclusion in multivariable linear regression analysis. We used backward stepwise elimination
to remove nonsignificant variables until only variables with
p<0.05 remained in the final model and assessed normal
assumption of residuals by using normal probability plot,
and influential observations were assessed by residuals and
Cook’s distance. We performed Wilcoxon rank sum tests
to compare FEDO between VDOT and DOT and used R
statistical software (25) to conduct analyses.
Results
Participant Characteristics and VDOT Perceptions

Overall, 274 participants (248 urban and 26 rural) enrolled
during October 2014–October 2015 contributed adherence
and baseline interview data (Table 1). Median participant
age was 44 (range 18–87) years; 61% were male, 57%
were Asian, 30% were Hispanic or Latino, and 7% were
white. Most (67%) were born in other countries (predominantly countries in Asia), followed by the United States
(17%) and Mexico (16%). Education and income were low
overall, but most participants had health insurance. Most
participants (90%) owned cell phones; 72% owned smartphones. Substance use, other than smoking (42%), was
uncommon, and no participants were homeless. Only race
or ethnicity, education level, and country of birth differed
across sites (p<0.05).
We obtained VDOT observation data from the 274
enrolled participants, 214 (78%) of whom completed
follow-up interviews (Table 2). Twenty-seven percent of
participants reported not sharing their VDOT experience
with family members, and 66% did not share with others.
Although 34% disclosed having concerns about being seen
recording VDOT videos, only 8% failed to record >1 dose
because of privacy concerns. At follow-up, only 2% of participants thought VDOT was less confidential than DOT,
and 96% reported that VDOT was “very or somewhat easy
to perform”; only 3% would choose DOT over VDOT if
they had to repeat treatment, and 96% would recommend
VDOT to other patients. Training VDOT procedures to participants took a median of 1 day across sites; 74% of participants required 1 day, whereas 4% needed >4 days (data
not shown). Only 12 (4.4%) participants were returned to
DOT before completing treatment because of poor adherence (n = 5), a lost or broken phone (n = 4), or technical or
connectivity problems (n = 3).
FEDO by Treatment Monitoring Method

Study participants used VDOT a median of 5.4 months (interquartile range [IQR] 3.5–7.1 months), generating 42,211
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Table 1. Baseline characteristics of patients participating in a study assessing VDOT for monitoring tuberculosis treatment, by site, 5
California health districts, 2015–2016*
Site
San
San
Characteristic
Total
San Diego
Francisco Santa Clara
Imperial
Joaquin
p value†
No. patients
272
99
99
49
10
15
Age, y
Mean (SD)
43.8 (16.5) 42.0 (16.9) 46.5 (15.5) 42.2 (16.2) 46.6 (22.0) 41.7 (16.1)
0.19
Range
18–87
18–87
24–86
21–83
21–69
21–76
Education
<Primary school
26 (10)
10 (10)
12 (12)
3 (6)
1 (10)
0
0.02
High school
105 (39)
39 (40)
39 (40)
13 (27)
5 (50)
9 (60)
Some college or technical school
67 (25)
25 (26)
17 (18)
15 (31)
4 (40)
6 (40)
>Bachelor’s degree
71 (26)
24 (24)
29 (30)
18 (37)
0
0
Sex
M
167 (61)
59 (60)
61 (62)
34 (69)
5 (50)
8 (53)
0.65
F
105 (39)
40 (40)
38 (38)
15 (31)
5 (50)
7 (47)
Race or ethnicity
Asian
154 (57)
41 (41)
68 (69)
37 (76)
10 (10)
7 (47)
<0.001
Caucasian or white
19 (7)
7 (7)
7 (7)
1 (2)
0
4 (27)
Hispanic or Latino
82 (30)
42 (42)
21 (21)
6 (12)
9 (90)
4 (27)
Other‡
17 (6)
9 (9)
3 (3)
5 (10)
0
0
Country of birth
United States
47 (17)
22 (22)
9 (9)
4 (8)
4 (40)
8 (53)
<0.001
Mexico
44 (16)
26 (26)
7 (7)
5 (10)
5 (50)
1 (7)
Other§
181 (67)
51 (52)
83 (84)
40 (82)
1 (10)
6 (40)
Annual household income, USD
<10,000
110 (44)
43 (46)
43 (47)
13 (29)
6 (55)
8 (57)
0.09
10,000–30,000
74 (30)
24 (28)
29 (32)
15 (33)
3 (27)
3 (21)
30,000–50,000
26 (10)
13 (15)
9 (10)
2 (4)
0 (0)
2 (14)
>50,000
39 (16)
10 (11)
11 (12)
15 (33)
2 (18)
1 (7)
Had health insurance, yes vs. no
229 (85)
76 (78)
85 (86)
43 (90)
10 (91)
15 (100)
0.12
Owned cell phone, yes vs. no
247 (90)
90 (91)
92 (93)
44 (90)
9 (82)
12 (80)
0.33
Owned smartphone, yes vs. no
196 (72)
71 (72)
67 (68)
41 (84)
7 (64)
10 (67)
0.26
Homeless, yes vs. no¶
0
0
0
0
0
0
NA
Ever smoked cigarettes, yes vs. no
116 (42)
43 (43)
41 (41)
17 (35)
7 (64)
8 (53)
0.41
Marijuana use, yes vs. no¶
18 (7)
5 (5)
7 (7)
2 (4)
2 (18)
2 (13)
0.26
Noninjection drug use, yes vs. no¶
4 (1)
1 (1)
2 (2)
1 (2)
0
0
1
Ever injection drug use, yes vs. no
3 (1)
1 (1)
0
1 (2)
1 (9)
0
0.07
*Values are no. (%) participants unless otherwise indicated. VDOT, video directly observed therapy; NA, not applicable.
†p values based on Fisher exact test or Kruskal-Wallis test. Variable totals might not sum to column totals because of missing data.
‡Other race group includes African American (n = 3), American Indian (n = 2), Pacific Islander (n = 1), and mixed and other races (n = 11).
§Other countries were predominantly in Asia.
¶Referent period is the previous 6 months.

videos (Table 2). Median FEDO was 93.0% (IQR 83.4%–
97.1%), compared with 66.4% (IQR 55.1%–89.3%) for
control patients using only DOT (Figure 2). By contrast,
median adherence was 100% (IQR 97.0%–100%) for control patients because of an unwavering commitment by TB
program staff to ensure patients completed their treatment.
Correlates of FEDO

Median FEDO differed across individual sites (range
84.5%–96.1%; p<0.001); however, the extreme values occurred in the 2 rural sites (Table 2). Thus, FEDO did not
differ between the combined urban and rural sites (92.8%
vs. 94.2%; p = 0.51) in bivariate analysis (Table 3, https://
wwwnc.cdc.gov/EID/article/24/10/18-0459-T3.htm).
FEDO differed by race or ethnicity and country of birth, increased with longer VDOT use and higher annual income,
and decreased with marijuana use in the prior 6 months.
Participants who found VDOT more difficult, more often
1810

took medications while away from home, more often had
problems using the VDOT application, and more often had
problems uploading videos because of poor network connectivity had lower FEDOs.
In multivariable analysis (Table 4), higher FEDO
was independently associated with longer duration of
VDOT use. Lower FEDO was associated with birth in
Mexico or the United States compared with other countries; feeling VDOT was somewhat or very difficult
compared with very easy; taking medication away from
home most or every time compared with never; and having problems using VDOT more than half the time compared with “never.”
VDOT versus DOT Costs

The estimated cost for monitoring a 6-month treatment regimen using VDOT (Table 5) varied by site (range $3,031–
$3,911) and was 6%–46% cheaper than community-based
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DOT (range $3,212–$5,788) across sites. Reduced personnel costs drove savings, which offset smartphonerelated costs.
Discussion
VDOT was feasible and acceptable for monitoring TB
medication ingestion in urban and rural California health
districts. A higher proportion of expected doses was

observed as scheduled among VDOT participants than
among in-person DOT participants, resulting in shorter
treatment duration.
Median FEDO for VDOT was lower than previously
reported (95%) (21), possibly because the earlier study
oversampled low-risk patients during the first trial of the
VDOT application. Alternatively, the disparity could be
attributable to our conservative approach to calculating

Table 2. Reported experiences of patients participating in a study assessing VDOT for monitoring tuberculosis treatment, by site, 5
California health districts, 2015–2016*
Site
San
Characteristic
Total
San Diego
Francisco Santa Clara
Imperial
San Joaquin p value†
No. patients
274‡
100
99
49
11
15
VDOT use
Months on VDOT, median (IQR)
5.4 (3.5–7.1) 5.2 (3.2–6.3) 5.4 (3.5–7.3) 5.5 (4.1–8.1) 4.0 (2.1–5.6) 6.1 (4.4–7.7)
0.08
FEDO, median (SD), IQR
93.0 (13.5), 88.7 (15.1), 95.5 (11.8), 95.2 (10.3), 84.5 (20.0), 96.1 (7.9),
<0.001
83–97
77–94
87–98
89–98
78–94
93–98
No. patients in follow-up interviews
214
74
84
39
9
7
Tuberculosis and treatment perceptions
Did you share your VDOT experience with family members?
Yes
156 (73)
55 (74)
55 (66)
30 (77)
9 (100)
6 (86)
0.18
No
58 (27)
19 (26)
29 (34)
9 (23)
0
1 (14)
Did you share your VDOT experience with friends, neighbors, classmates, or coworkers?
Yes
73 (34)
24 (32)
28 (33)
13 (33)
3 (33)
5 (71)
0.38
No
141 (66)
50 (68)
57 (67)
26 (67)
6 (67)
2 (29)
Were you concerned someone would see you using the VDOT cell phone?
Yes
73 (34)
19 (26)
34 (40)
15 (38)
4 (44)
1 (14)
0.23
No
141 (66)
55 (74)
51 (60)
24 (62)
5 (56)
6 (86)
Did you ever fail to record a video because you were worried someone was watching you?
Yes
18 (8)
7 (9)
9 (11)
2 (5)
0
0
0.87
No
196 (92)
67 (91)
76 (89)
37 (95)
9 (100)
7 (100)
Confidentiality of VDOT vs. DOT?
More
146 (70)
49 (67)
55 (66)
30 (77)
7 (78)
5 (83)
0.68
Less
5 (2)
2 (3)
1 (1)
2 (5)
0
0
Same
59 (28)
22 (30)
27 (33)
7 (18)
2 (22)
1 (17)
VDOT experience
Overall, how easy/difficult did you find the VDOT process?
Very easy
174 (81)
58 (78)
68 (79)
36 (92)
6 (67)
6 (86)
0.19
Somewhat easy
32 (15)
14 (19)
13 (15)
3 (8)
1 (11)
1 (14)
Somewhat or very difficult
9 (4)
2 (3)
5 (6)
0
2 (22)
0
If you had to redo tuberculosis treatment, would you choose VDOT or DOT?
VDOT
192 (90)
67 (92)
75 (87)
35 (90)
9 (100)
6 (86)
DOT
6 (3)
1 (1)
4 (5)
1 (3)
0
0
0.9
No preference
16 (7)
5 (7)
7 (8)
3 (8)
0
1 (14)
Would you recommend VDOT to other tuberculosis patients?
Yes
202 (96)
70 (95)
81 (96)
35 (97)
9 (100)
7 (100)
0.95
No
8 (4)
4 (5)
3 (4)
1 (3)
0
0
How often did you take tuberculosis medication away from home?
Never or rarely
120 (56)
39 (53)
54 (64)
19 (49)
5 (56)
3 (43)
0.36
Less than half or half the time
48 (22)
18 (24)
12 (14)
13 (33)
2 (22)
3 (43)
Most of the time or every time
46 (21)
17 (23)
19 (22)
7 (18)
2 (22)
1 (14)
How often did you have problems using the VDOT application?
Never
82 (38)
24 (32)
41 (48)
16 (41)
1 (11)
0
0.06
Rarely
99 (46)
35 (47)
33 (39)
20 (51)
5 (56)
6 (86)
Less than half the time
23 (11)
9 (12)
9 (11)
2 (5)
2 (22)
1 (14)
Half the time or more
10 (5)
6 (8)
2 (2)
1 (3)
1 (11)
0
How often did poor reception cause you problems uploading videos?
Never
65 (31)
13 (18)
34 (40)
12 (31)
3 (33)
3 (43)
Rarely
103 (49)
41 (56)
35 (42)
20 (51)
3 (33)
4 (57)
0.15
Less than half the time
24 (11)
11 (15)
7 (8)
3 (8)
3 (33)
0
Half the time or more
20 (9)
8 (11)
8 (10)
4 (10)
0
0
*Values are no. (%) participants unless otherwise indicated. DOT, directly observed therapy; FEDO, fraction of expected doses observed = number of
complete doses observed via VDOT divided by the number of doses expected; IQR, interquartile range; VDOT, video directly observed therapy.
†p values based on Fisher exact test or Kruskal-Wallis test. Variable totals might not sum to column totals because of missing data.
‡Includes 2 participants who used VDOT but had missing baseline interview data.
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Figure 2. FEDO among patients monitored ingesting medication
for tuberculosis by VDOT compared with FEDO and adherence
for patients monitored using in-person DOT in a study assessing
VDOT for monitoring tuberculosis treatment, 5 California health
districts, 2015–2016. FEDO assessed by number of complete
doses observed through VDOT divided by the number of
doses expected. Adherence assessed by number of doses
observed through DOT divided by the number of prescribed
doses. Because missed or self-administered doses had to be
rescheduled, the number of times a dose was expected could
exceed the number of doses prescribed. DOT, directly observed
therapy; FEDO, fraction of expected doses observed; VDOT,
video directly observed therapy.

FEDO by only counting doses when all pills were taken
and treating all doses as missed when a software error
caused 5% of videos received to be unviewable. If unviewable videos and partial doses were counted as observed,
FEDO in our study (median 96.4%, IQR 89%–99%) would
have matched the prior study.
Defining eligibility criteria for VDOT a priori appears
unnecessary. Despite efforts to define VDOT eligibility criteria using these data, only 1 variable known before treatment (country of birth) was associated with FEDO. DOT

studies similarly found few predictors of adherence (26).
Initial concerns about older patients or those unfamiliar
with smartphones having difficulty using VDOT were unfounded because these factors did not predict FEDO. Travel
was also not problematic; study staff often reported that patients who traveled or had nontraditional work hours could
adhere better after switching to VDOT. Monitoring antiTB therapy involves ongoing communication, negotiation,
and cooperation between patients and healthcare providers
(27,28), and patient-centered care increased when patients
had VDOT as an option. Other than ensuring that patients
could tolerate their medications, operate the VDOT application, and access smartphones and service, no evidence
was found to support requiring other eligibility criteria.
We observed an association between VDOT problems
and lower FEDO, which was driven by only 10 participants
who reported having problems half the time or more. Similarly, the association between FEDO and difficulty using
VDOT resulted from 9 participants reporting that VDOT
was somewhat or very difficult. However, most of these
participants encountered the software error described previously, which lowered their FEDO and could explain why
they felt VDOT was difficult. Lower FEDO among participants taking medications away from home most or every
time could be attributable to difficulty finding a private location to make videos while away from home, which might
have also made DOT difficult.
Unlike DOT or synchronous VDOT, asynchronous
VDOT enabled patients to take medications outside normal
business hours (e.g., at mealtimes or bedtime), which could
minimize side effects and improve adherence (16). VDOT
also allowed participants to fast during religious holidays,
because medication doses could be observed at night after fasting ended. Avoiding intermittent dosing by allowing observations after hours and on weekends and holidays
through VDOT could also improve treatment efficacy (29).

Table 4. Multivariable linear regression analysis of factors associated with FEDO among patients treated for tuberculosis, 5 California
health districts, 2015–2016*
Beta
Characteristic
coefficient
SE
p value
Months on VDOT (per month)
0.008
0.003
0.01
Country of birth (referent: other)
Mexico
0.022
<0.001
0.095
United States
0.022
0.03
0.048
Perceived ease or difficulty of VDOT (referent: very easy)
Somewhat easy
0.024
0.90
0.003
Somewhat or very difficult
0.042
0.002
0.130
Took medications while away from home (referent: never or rarely)
Less than half or half the time
0.020
0.83
0.004
Most of the time or always
0.021
0.02
0.049
Had problems using the VDOT application (referent: never)
Rarely
0.018
0.97
0.001
Less than half the time
0.029
0.16
0.040
More than half the time
0.041
<0.001
0.220
*FEDO, fraction of expected doses observed = number of complete doses observed through VDOT divided by the number of doses expected; VDOT,
video directly observed therapy.
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Table 5. Average in-person DOT and VDOT costs per treatment course, by site, based on standard drug-susceptible tuberculosis
treatment regimen consisting of 56 intensive-phase and 126 continuation-phase doses, 4 California health districts, 2015–2016*
Characteristic
San Diego
San Francisco
San Joaquin
Imperial
In-person DOT costs
Personnel
Administrative tasks
1,038
3,043
1,913
842
In-person patient contact
1,207
622
2,223
656
Travel
1,939
1,065
702
1,293
Total personnel (% of total)
4,185 (91)
4,729 (97)
4,838 (84)
2,791 (87)
Mileage (% of total)
364 (9)
158 (3)
950 (16)
421 (13)
Grand total
4,549
4,888
5,788
3,212
VDOT costs
Personnel
Administrative tasks
796
1,922
1,771
1,183
In-person patient contact
671
291
393
346
Watching videos
80
131
152
473
Other, e.g., training and follow-up
869
933
156
348
Total personnel (% of total)
2,526 (79)
3,277 (88)
2,472 (83)
2,350 (78)
Mileage (% of total)
20 (1)
0
31 (1)
46 (2)
Smartphone costs, device and service (% of total)
424 (13)
424 (7)
424 (8)
424 (14)
VDOT application service fee, $35/mo/patient (% of
210 (7)
210 (5)
210 (7)
210 (7)
total)
Grand total
3,179
3,911
3,137
3,031
% Change for VDOT versus in-person DOT
Personnel costs, %
40
31
49
16
Overall costs, %
30
20
46
6

*All values are USD unless otherwise indicated. Comparable data could not be obtained from the Santa Clara site because of staff turnover. DOT, directly
observed therapy; VDOT, video directly observed therapy.

All sites, except 1, included participants with MDR TB
(VDOT duration range 30–537 days) whose adherence was
comparable to the cohort overall. Because MDR tuberculosis patients at times require dosing more than once daily,
VDOT reduced stress on the TB programs and facilitated
quicker return to daily activities for patients on these much
longer regimens. Additionally, asynchronous VDOT does
not require consistent network connectivity, making it useful for patients in remote areas.
Although asynchronous VDOT offers greater flexibility and reduces self-administered doses, DOT and synchronous VDOT might allow more frequent patient–provider interaction and facilitate patient support. However,
asynchronous VDOT could improve case management
efficiency by shifting the focus of in-person visits from
treatment monitoring, perceived by patients as punitive
(30,31), to patient care, support, and other key TB program
activities such as contact tracing. The appropriate mix of
remote monitoring and direct interaction to support patients
throughout treatment remains to be determined with further
research. Cost-effectiveness studies are also needed to inform policies around treatment monitoring.
TB risk factors were self-reported and could be underestimated if participants chose not to disclose stigmatized
behaviors. Because no patients were homeless, we could
not examine this risk factor. Three sites (Santa Clara, Imperial and San Joaquin) had never used asynchronous VDOT
previously, potentially promoting conservative patient selection; however, their results were similar to sites with
VDOT experience. In addition, San Francisco differed from

the other sites by requiring weekly, rather than monthly, refill visits, which could have increased adherence; however,
adherence was comparable across sites. Because providers
could switch participants from VDOT back to DOT, observed FEDOs could have been skewed upward if nonadherent participants were removed from VDOT early. However, only 12 (4.3%) participants returned to DOT before
completing treatment, of whom only 5 did so because of
poor adherence. Removing these participants had little effect on FEDO overall. This study was conducted in a highincome country and might not reflect VDOT performance
in low- and middle-income countries.
To our knowledge, our study is the largest prospective study of asynchronous VDOT to date. Patients with
TB treatment monitored by VDOT had more expected
medication doses observed than patients monitored using DOT. VDOT performed similarly in urban and rural
health departments, with high observation rates and positive patient perceptions across sites. Although some participants returned to DOT, most were effectively monitored
to completion by using VDOT. VDOT reduced TB-control
program costs compared with DOT. Other than country
of birth, patient characteristics did not predict adherence,
suggesting that TB-control programs could offer VDOT
broadly and provide additional support, or switch to DOT
if adherence declines rather than restricting VDOT use to
patients with prespecified characteristics. Asynchronous
VDOT was found to be a cost-effective method of monitoring TB treatment in the United States; however, similar
studies are needed in countries with high burdens of TB
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and limited resources, where smartphone penetration and
cultural acceptance of transmitting personal images over
the Internet could differ.
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Candida auris in Healthcare
Facilities, New York,
USA, 2013–2017
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Candida auris is an emerging yeast that causes healthcareassociated infections. It can be misidentified by laboratories and often is resistant to antifungal medications. We
describe an outbreak of C. auris infections in healthcare facilities in New York City, New York, USA. The investigation
included laboratory surveillance, record reviews, site visits,
contact tracing with cultures, and environmental sampling.
We identified 51 clinical case-patients and 61 screening
case-patients. Epidemiologic links indicated a large, interconnected web of affected healthcare facilities throughout
New York City. Of the 51 clinical case-patients, 23 (45%)
died within 90 days and isolates were resistant to fluconazole for 50 (98%). Of screening cultures performed for 572
persons (1,136 total cultures), results were C. auris positive
for 61 (11%) persons. Environmental cultures were positive for samples from 15 of 20 facilities. Colonization was
frequently identified during contact investigations; environmental contamination was also common.

andida auris is an emerging yeast that has caused
healthcare-associated infections on multiple continents (1–13). The organism was first described in 2009
by Satoh et al. for a patient in Japan (14). In November
2016, Vallabhaneni et al. (11) reported cases in the United
States. Identification of C. auris requires specialized laboratory techniques (15–17). It is often resistant to antifungal
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medications (18), causes invasive infections (1,4,5) and
outbreaks (8,10), and has become endemic to hospitals in
some parts of the world (2,5,6). Therefore, its detection in
New York, USA, healthcare facilities is concerning. We
describe an ongoing outbreak of healthcare-associated C.
auris cases involving multiple healthcare facilities in New
York City (NYC), New York, USA, during 2013–2017.
Methods
Definitions and Data Analysis

We defined a case-patient as a person for whom a culture
was positive for C. auris. Clinical cases are those for which
the culture was obtained to diagnose or treat disease; screening cases are those for which the culture was obtained for
surveillance purposes. We defined contacts as persons who
had an epidemiologic link to a case-patient in place or time.
We included clinical cases reported by April 30, 2017. Because surveillance cultures of contacts are performed after
an associated clinical case is reported, we included surveillance cultures that were collected by June 26, 2017, and
had final results available by July 19, 2017, which enabled
us to better approximate the number of screening cases associated with clinical cases described herein. Data were
analyzed by using SAS 9.4 (SAS Institute, Cary, NC, USA)
and Excel 2016 (Microsoft, Redmond, WA, USA).
Case Finding and Investigation

In June 2016, the Centers for Disease Control and Prevention (CDC) issued an alert about C. auris (19), after
which the New York State Department of Health (NYSDOH) issued an advisory (20) to inform healthcare facilities about the emerging pathogen and request that they
notify NYSDOH of potential cases and forward suspected
isolates to the New York state public health laboratory
(Mycology Laboratory at Wadsworth Center, Albany,
NY, USA). In November 2016, NYSDOH issued a
Additional members of the workgroup are listed at the end of
this article.
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follow-up advisory (21) requesting that laboratories query
their records for isolates of C. auris or species that could
be confused with C. auris, such as C. haemulonii. Cases
were also identified through active surveillance methods, including direct outreach to healthcare facilities and
laboratories. Each clinical case was investigated through
medical record reviews, contact tracing, and screening of
contacts for colonization.
Contact Tracing

We obtained the names of persons who had resided in the
same room as a case-patient in the 90 days before diagnosis
for the case-patient. When close contacts could be located,
we attempted to obtain samples for culture.
Surveillance and Infection Control Assessments

To emphasize the importance of detection, assist with infection control efforts, and conduct point prevalence surveys
of facility contacts, we conducted site visits to facilities
where transmission was suspected; our analysis included
visits made through June 26, 2017. Initial point prevalence
surveys included only a composite swab sample from the
axilla and groin; subsequent surveys added a swab sample
from the nares. For some persons, swab samples for surveillance cultures to identify persistent colonization were
obtained and included samples from the axilla, groin, nares,
rectum, wounds, and sites of noninvasive clinical infection.
We also assessed key areas of healthcare infection control,
including administrative support, hand hygiene, standard
and transmission-based precautions, and environmental
cleaning; we followed up with detailed assessments in specific areas as needed.
Environmental Investigation

Whenever possible, we obtained samples from the environments of facilities where case-patients were admitted or
resided. We concentrated on surfaces that were frequently
touched and on objects in case-patients’ rooms.
Laboratory Techniques

To isolate C. auris from patient screening swab and environmental specimens, we used the method described by
Welsh et al., with slight modification (15). In brief, we used
the ESwab Culture and Transport system (Becton Dickinson, Franklin Lakes, NJ, USA) and placed the samples in
1 mL liquid Amies transport medium. Samples were vortexed for 30 s, after which 50 µL was plated on nonselective Sabouraud dextrose agar containing antibacterials
(SDA-A), 50 µL was plated on selective media including
SDA-A enriched with 10% salt (SDA-AS), and 200 µL was
transferred to 5 mL of Sabouraud dextrose broth containing antibacterials and 10% salt (SDB-AS). Later, for more
selective recovery of C. auris from surveillance samples,

we placed dulcitol, instead of dextrose, in the selective enrichment media.
We collected environmental samples by using sponge
sticks (3M Health Care, St. Paul, MN, USA) and placed
them in a zip-top bag containing 45 mL of phosphatebuffered saline (PBS) with 0.02% Tween 80. The bags
were gently shaken for 1 min at 260 rpm in a Stomacher
400 Circulator (Laboratory Supply Network, Inc., Atkinson, NH, USA). The suspension without the sponge was
poured in a 50-mL conical tube and centrifuged at 4,000
rpm for 5 min; supernatant was then decanted, leaving ≈3
mL of liquid in the bottom of the tube. We placed 50 µL of
sponge suspension on different agar media and placed 1 mL
of sponge suspension in 5 mL of SDB-AS broth, as we had
done for patient swab samples.
Agar plates and broth tubes were incubated at 40°C
for at least 2 weeks. To check for purity, we first streaked
recovered yeast isolates on CHROMagar Candida medium
(Difco; Becton Dickinson, Baltimore, MD, USA) and then
subcultured them on SDA overnight and processed them
for identification by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
by using the standard ethanol–formic acid extraction procedure (22). Spectra were analyzed by using Flex Control 3.1
software (Bruker Daltonics, Inc., Billerica, MA, USA) and
MALDI Biotyper OC version 3.1 (Bruker Daltonics, Bremen, Germany); per manufacturer’s instructions, a score
of >2.0 was used to identify Candida to the species level.
The in-house MALDI-TOF database was enriched by adding spectra from several C. auris isolates from the current
outbreak and by adding reference isolates from the CDC
AR bank (https://www.cdc.gov/drugresistance/resistancebank/index.html); their identity was confirmed by DNA
sequencing. To check for purity, we streaked the clinical
isolates of yeasts received from healthcare facilities onto
CHROMagar Candida medium and used MALDI-TOF
mass spectrometry for identification as described.
The MICs of azoles and echinocandins were determined by using broth microdilution with custom TREK
frozen broth microdilution panels (catalog no. CML2FCAN; Thermo Fisher Scientific, Marietta, OH, USA) (23).
In brief, we prepared a suspension of C. auris at a concentration of 0.5 × 103 to 2.5 × 103 in RPMI–1640 medium
(with glutamic acid and phenol red, and without bicarbonate; Sigma-Aldrich, St. Louis, MO, USA) and 0.2% glucose
buffered to pH 7 with 0.165 mol/L 3-N morpholinepropanesulfonic acid (Sigma-Aldrich). We dispensed 100 µL
C. auris inoculum into each well of the TREK plate. MICs
of amphotericin B and 5-flucytosine were determined by
Etest as recommended by the manufacturer (AB Biodisk;
bioMérieux, Solna, Sweden) except that MICs were read
at 24 h after incubation or until a confluent lawn of growth
was seen. For Etests, the yeast inoculum was streaked on
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RPMI medium containing 2% glucose and 1.5% agar, and
then E-test strips were applied. C. krusei (ATCC 6258) and
C. parapsilosis (ATCC 22019) were used as quality control
strains. The TREK broth and Etest plates were incubated at
35°C and read visually after 24 hours. Because there are no
established C. auris–specific susceptibility breakpoints, we
used tentative breakpoints published by CDC (16).
Environmental surveillance samples (sponges) were
also processed by real-time PCR (24). In brief, 1 mL of
sponge liquid was washed twice with PBS containing
0.1% bovine serum albumin; as an inhibition control,
pellet was resuspended in 50 µL PBS with 0.1% bovine
serum albumin containing bicoid plasmid. Each sample
went through freezing, heating, bead-beating, and centrifugation, and 5 µL of extracted DNA was tested in
duplicate by real-time PCR. According to receiver operator characteristic curve analysis, a cycle threshold value
of <38 was reported as positive and >38 was reported as
negative. If PCR inhibition was observed, specimens were
reported as inconclusive.
Results
Epidemiologic Investigation

We detected 51 clinical and 61 screening cases (Figure 1).
All but 1 of the clinical cases from New York were diagnosed in NYC: 21 from 7 hospitals in Brooklyn, 16 from 3
hospitals and 1 private medical office in Queens, 12 from 5
hospitals and 1 long-term acute care hospital in Manhattan,
and 1 from a hospital in the Bronx. One clinical case was
identified in a western New York hospital in a patient who
had recently been admitted to an involved Brooklyn hospital. Of the 51 clinical case-patients, 31 (61%) had resided
in long-term care facilities (LTCFs) immediately before
being admitted to the hospital in which their infection was
diagnosed, and 19 of these 31 resided in skilled nursing

facilities with ventilator beds (VSNFs); 1 (2%) resided in a
long-term acute care hospital; 5 (10%) had been transferred
from another hospital; and 4 (8%) had traveled internationally within 5 years before diagnosis.
Exploration of epidemiologic links revealed a large, interconnected web of affected healthcare facilities throughout NYC (Figure 2). Determining the facility of acquisition
of C. auris infection or colonization was difficult or impossible because of multiple healthcare exposures and because
the incubation period is unknown.
Clinical Characteristics

The median age of clinical case-patients was 72 years
(range 21–96 years); 26 (51%) were male. All patients
had serious concurrent medical conditions; a substantial
proportion required mechanical ventilation or central venous catheters or gastrostomy tubes (Table 1). Initial positive cultures were from blood (31/51, 61%), bile (3/51,
6%), urine (4/51, 8%), respiratory specimens (4/51, 8%),
wounds (3/51, 6%), catheter tips (2/51, 4%), and 1 each
from bone, ear, jejunal biopsy sample, and skin. The 30day mortality rate was 14/51 (27%), and the 90-day rate
was 23/51 (45%). For those with initial isolates from blood,
the 30-day mortality rate was 12/31 (39%) and the 90-day
rate was 18/31 (58%). The number of deaths attributable to
C. auris infection is unknown.
Surveillance Cultures

As part of point prevalence surveys and contact investigations, we performed 1,136 screening cultures for C. auris
colonization for 572 persons not known to be infected and
who resided in or were admitted to 19 facilities (9 hospitals;
10 LTCFs, of which 7 were VSNFs), 4 healthcare workers,
and 4 family members of 1 clinical case-patient. At least 1
culture was positive for C. auris for 61 (11%) persons at
12 (60%) facilities (5 hospitals and 7 LTCFs [including 5
Figure 1. Number of confirmed
clinical cases of Candida auris in
New York, USA, May 2013–April
2017. Dates indicate the month that
the first sample positive for C. auris
was collected. The cases from May
2013, April 2016, and June 2016
were retrospectively identified after
the June 2016 clinical alert from
the Centers for Disease Control
and Prevention was issued (19).
The case from 2013, in a patient
who had traveled to New York City
from abroad for medical care, was
probably a distinct importation with
no further spread.
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Figure 2. Epidemiologic links
between healthcare facilities
affected by Candida auris, New
York, USA, 2013–2017. Arrows
between facilities denote
transfer of case-patients from
one facility to the other within
90 days before collection date
of first positive culture. Bold
arrows indicate transfer of
>1 case-patient. Bold boxes
indicate hospitals; nonbold
boxes indicate long-term care
facilities; boxes with roofs
indicate private residences.
Numbers indicate numbers of
clinical cases (C) and screening
cases (S) at that facility.
Screening cases are placed at
the facility of diagnosis. Clinical
cases are also shown at the
facility of diagnosis unless the
specimen was collected during the first week of admission at the diagnosing facility; in such situations, the cases are shown at the
previous facility.

VSNFs]) and 1 family caregiver at a private residence. At
the time of sample collection, 19 (31%) of these 61 persons were admitted to hospitals and 42 (67%) resided at
LTCFs (40 [66%] at VSNFs). Culture results were positive
for 13% of those who were tested while living at LTCFs
and 8% of those in hospitals.
For 38 persons (clinical and screening case-patients),
follow-up cultures were performed, either for clinical reasons or to determine whether they remained colonized.
Long-term colonization was common (Figure 3).
Of 346 persons for whom nares and composite axilla–groin samples for culture were collected on the same
day, results were positive for at least 1 site for 36 (10%).

Of these 36, results were positive for both sites for 14
(39%), at axilla–groin only for 13 (36%), and at nares
only for 9 (25%).
Environmental Cultures and PCR

Of 781 environmental samples from 20 facilities (12 hospitals and 8 LTCFs [5 VSNFs]), 62 (8%) from 15 facilities (9
hospitals and 6 LTCFs [4 VSNFs]) were positive for C. auris by culture. In addition, 19 samples from 4 facilities were
positive by PCR; culture results for 3 of these 4 facilities
were also positive. Contamination of surfaces and objects
in case-patients’ rooms and mobile equipment outside the
rooms was common (Table 2). High-yield items included

Table 1. Selected concurrent medical conditions and medical interventions for 51 persons with Candida auris infection, New York,
USA, 2013–2017
Characteristic
No. (%) persons
Concurrent condition
Respiratory insufficiency requiring support
33 (65)
Mechanical ventilation at time of diagnosis
17 (33)
Neurologic disease*
24 (47)
Diabetes
18 (35)
Malignancies
11 (22)
Colon cancer
5 (10)
End-stage renal disease
8 (16)
Hemodialysis
7 (14)
Kidney transplant
1 (2)
Decubitus ulcers
10 (20)
Otitis with complications
2 (4)
Medical interventions
Hemodialysis
7 (14)
Central venous catheter within 7 d before first positive culture for C. auris
31 (61)
Gastrostomy tube at time of diagnosis
27 (53)
Receipt of systemic antifungal medication within 90 d before first culture positive for C. auris
25 (49)
Receipt of systemic antibiotics within 14 d before first culture positive for C. auris
42 (82)

*Includes seizure disorder (n = 8), cerebrovascular accident (n = 7), dementia (n = 4), anoxic brain injury (n = 3), spinal cord injury (n = 2), and 1 case
each of Parkinson’s disease, multiple sclerosis, Huntington’s disease, Guillain-Barré syndrome, traumatic brain injury, pituitary tumor, and neuropathy.
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Figure 3. Long-term Candida
auris colonization of clinical
and screening case-patients,
New York, USA, 2013–2017.
Each patient for whom followup cultures were performed
is represented by a horizontal
line. The bottom 30 lines (pink
shading) indicate clinical casepatients; the top 8 (blue shading)
indicate screening casepatients. Follow-up cultures
were collected from a variety of
sites, typically axilla and groin
and often nares, rectum, urine,
and wounds. Persons were
considered free of colonization
with C. auris and eligible for
removal of contact precautions
when 2 sets of surveillance
cultures at multiple sites,
taken at least 1 week apart,
were negative; only 1 person
indicated on the figure (second
from bottom) met this criterion.

bedrails, IV poles, beds, privacy and window curtains, windows, and floors.
Laboratory Identification of Clinical Isolates

From July 2016 through April 30, 2017, NYSDOH received 99 first isolates of a variety of yeasts from 99 persons, which clinical laboratories had sent for testing for C.
auris (Table 3). Of those, 51 (52%) isolates were determined to be C. auris and represent the 51 clinical cases. Of
the 99 isolates, 38 had been initially identified by the clinical laboratory as C. haemulonii, but NYSDOH determined
35 of those to be C. auris. Of 13 yeasts received with no
identification, 11 were determined to be C. auris, and of
6 received with a preliminary identification of C. auris, 5
were confirmed as such.
Susceptibility to Antifungal Medications

Of 51 initial C. auris isolates recovered from clinical casepatients, 50 (98%) were resistant to fluconazole (Table 4)
and 13 (25%) were resistant to fluconazole and amphotericin B. No initial isolates were resistant to echinocandins,
although subsequent isolates obtained from 3 persons
who had received an echinocandin acquired resistance to
it. According to whole-genome sequencing at CDC, 50
(98%) of 51 isolates belonged to a South Asia clade (25);
the other less related isolate was the only isolate susceptible to fluconazole.
Infection Control

Infection control assessments were conducted at 14
LTCFs and 12 hospitals affected by C. auris. Adherence to
1820

recommended infection control practices, such as implementation of contact precautions, varied. Specific observations
were made in the areas of hand hygiene, contact precautions,
use of personal protective equipment (PPE), and environmental cleaning and disinfection.
Hand hygiene problems included frequent suboptimal
availability of alcohol-based hand sanitizers. Sanitizers
were completely absent in 1 LTCF.
A common problem with implementation of contact
precautions was ineffective signage. One facility had no
signs or other effective systems to identify persons around
whom contact precautions should be taken. Compliance
with signs that consisted only of instructions to see the
nurse before entering was poor. In one instance, a physician
entered a room with such a sign and provided care without
donning PPE; when questioned, he stated, “I don’t see an
isolation sign.”
Problems with PPE use included lack of knowledge
about which PPE was indicated, improper donning and
doffing (e.g., gowns not covering shoulders or not being
tied), and lack of availability of appropriate PPE. In 1
LTCF, PPE was locked in a closet; in another, the PPE
carts were empty and staff were unable to locate supplies
to replenish them; in a third, aprons were used instead
of gowns.
Environmental cleaning and disinfection observations
included use of household cleaners instead of Environmental Protection Agency–registered hospital-grade disinfectants (at some LTCFs), use of disinfectants without
appropriate label claims, inadequate disinfection of shared
equipment, and lack of knowledge of contact times.
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Table 2. Environmental contamination with Candida auris in healthcare facilities, New York, USA, 2013–2017*
Positive by PCR and
Positive by
negative by culture,
Category, object or surface
No. samples
culture, no. (%)
no. (%)
Near-patient surfaces and objects in rooms
Bedside/over bed table
44
2 (5)
2 (5)
Bed rail
49
7 (14)
5 (10)
TV remote/call button
36
2 (6)
2 (6)
IV poles
21
5 (24)
1 (5)
Bed
17
4 (24)
0
Privacy curtain
6
2 (33)
0
Miscellaneous other†
5
0
1 (20)
Total
178
22 (12)
11 (6)
Other surfaces and objects in rooms
Door knob/handle
36
1 (3)
1 (3)
Sink
27
1 (4)
2 (7)
Window
22
3 (14)
1 (5)
Floor
17
4 (24)
0
Furniture
27
3 (11)
0
Window curtain
11
3 (27)
0
Light switch
9
0
0
Closet
6
0
0
Wall
4
1 (25)
0
Bathroom
4
1 (25)
0
Countertop
4
1 (25)
0
Toilet
4
0
0
Miscellaneous other‡
16
2 (13)
0
Total
187
20 (21)
4 (2)
Equipment in room
Ventilator/respiratory equipment
12
1 (8)
0
Pump
4
0
0
Miscellaneous other§
19
4 (21)
0
Total
35
5 (14)
0
Equipment outside of room
Clean supply cart
51
1 (2)
0
Ventilator/respiratory equipment
45
1 (2)
0
Vital sign machine
21
3 (14)
1 (5)
Normothermia system (e.g., Bair hugger)
20
1 (5)
0
Computer workstation
20
0
0
Thermometer
14
1 (7)
1 (7)
PPE/isolation cart/box
12
1 (8)
1 (8)
Lift/scale
11
2 (18)
0
Glucometer
11
0
0
Housekeeping cart
9
0
1 (11)
Dialysis equipment
7
1 (14)
0
Suction canister
6
1 (17)
0
Ultrasonography equipment
4
0
0
Miscellaneous other¶
29
1 (3)
0
Total
260
13 (5)
4 (2)

Negative by
culture and PCR,
no. (%)
40 (91)
37 (76)
32 (89)
15 (71)
13 (77)
4 (67)
4 (80)
145 (82)
34 (94)
24 (89)
18 (82)
13 (77)
24 (89)
8 (73)
9 (100)
6 (100)
3 (75)
3 (75)
3 (75)
4 (100)
14 (88)
163 (87)
11 (92)
4 (100)
15 (79)
30 (86)
50 (98)
44 (98)
17 (81)
19 (95)
20 (100)
12 (86)
10 (83)
9 (82)
11 (100)
8 (89)
6 (86)
5 (83)
4 (100)
28 (97)
243 (94)

*A total of 660 samples were collected from surfaces, objects, and equipment in the rooms of C. auris case-patients and from mobile equipment outside
the rooms on the affected nursing units. In addition, 62 samples from surfaces within the nursing units but outside the patient rooms and 23 samples from
outside the affected nursing units were negative by culture and PCR. The location of 36 samples could not be ascertained; 2 were positive by culture.
PPE, personal protective equipment; TV, television.
†PCR positive from light cord.
‡Cultures positive from handrail and phone.
§Cultures positive from glucometers (n = 2), vital signs machine, and stretcher.
¶Culture positive from bedpan flusher.

Discussion
This large, citywide, multiple-institution outbreak of C.
auris infections is ongoing. As of February 2018, most
confirmed clinical cases in the United States had been
identified in New York, and case numbers continue to
grow. The reasons for the preponderance of cases in
New York are unknown; possibilities include a true
higher prevalence from multiple introductions into this
international port of entry, more complete detection

from aggressive case finding, presence of a large interconnected network of healthcare facilities in NYC, or a
combination of all 3 factors.
Transmission is ongoing in healthcare facilities, primarily among patients with extensive healthcare exposures.
C. auris has been cultured from rooms and equipment in
multiple facilities, and close contacts of case-patients have
become colonized. Infection control lapses have probably
amplified this process.
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Table 3. Isolates received by the New York State public health laboratory, Wadsworth Center, Albany, NY, USA, from clinical
laboratories for the purpose of identifying or excluding Candida auris, through April 30, 2017*
Clinical laboratories’ identification system
Wadsworth Center identification
Organism, no. isolated
API
VITEK 2
VITEK MS† Other using MALDI-TOF MS, no. isolates‡
Candida haemulonii, 38
36
1§
C. auris, 35
1¶
No identification, 13

2

2

9

C. auris, 6

6§

Candida famata, 5

1

Candida glabrata, 1
Candida guilliermondii, 1
Candida lusitaniae, 1
Candida sphaerica, 1
Cryptococcus laurentii, 1
C. neoformans, 1
C. famata/C. guilliermondii, 1
C. famata/C. parapsilosis, 1
C. famata/C. parapsilosis/
Candida tropicalis, 1
Candida dubliniensis/C. haemulonii, 1
C. lusitaniae/Candida utiliz, 1
Candia sphaerica/Rhodotorula glutinis/
Rhodotorula mucilaginosa/C. laurentii, 1
Zygosaccharomyces bailii/C. sake/C.
famata/Candida lipolytica, 1
S. cerevisiae, 23
Trichosporon mucoides, 1

3

1#

1
1
1
1
1
1
1
1
1
1
1

7

1

C. haemulonii, 1; Candida
duobushaemulonii, 1; Candida
glabrata,1
C. auris, 11
C. glabrata, 2
C. auris, 5
C. duobushaemulonii, 1
C. guilliermondii, 1; C. lusitaniae, 1;
Candida parapsilosis, 2; Candida
fermentati, 1
C. glabrata, 1
C. guilliermondii, 1
C. lusitaniae, 1
Saccharomyces cerevisiae, 1
Cryptococcus neoformans, 1
S. cerevisiae, 1
C. parapsilosis, 1
C. parapsilosis, 1
C. parapsilosis, 1
C. glabrata, 1
C. lusitaniae, 1
C. parapsilosis, 1

1

C. glabrata, 1

16
1

S. cerevisiae, 23
T. mucoides, 1

*API, bioMérieux, Inc., Durham, NC, USA; MALDI-TOF MS, Bruker Daltonics, Inc., Billerica, MA, USA; VITEK 2, bioMérieux, Durham, NC, USA; VITEK
MS, bioMérieux, Solna, Sweden. MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight; MS, mass spectrometry.
†No C. auris entry.
‡Research use only library was expanded in-house by adding 10 C. auris isolates comprising clades I–IV (CDC-AR bank,
https://www.cdc.gov/drugresistance/resistance-bank/index.html) and 8 C. auris isolates from New York in 2016 comprising clades I and II.
§MALDI-TOF MS, research use only library with 3 C. auris entries.
¶BD Phoenix Automated Microbiology System (BD Diagnostics, Sparks, MD, USA).
#RapID YEAST PLUS System (Thermo Fisher Scientific, Waltham, MA, USA).

Factors that contribute to transmission may include
prolonged colonization of clinical and screening case-patients and environmental contamination. Persistent colonization of affected persons and the lack of an accepted
decolonization regimen result in a large reservoir of persons carrying the organism. As Welsh et al. (15) demonstrated, C. auris can remain viable on inanimate surfaces
for long periods, necessitating scrupulous environmental
cleaning and disinfection. Affected patients frequently
have extensive contact with multiple healthcare facilities,
highlighting the value of careful and thorough communication at transfer.
The clinical cases in the New York outbreak are similar to clinical cases described elsewhere. Fungemia is a
commonly reported clinical infection; 76% of infections
reported in a series from Colombia (9) and 58% in a series
from India (4) were bloodstream infections. These percentages are comparable to the findings from this New
York series in which 61% of initial clinical isolates were
from blood. Among medically fragile patients in NYC
1822

who had a history of extensive contact with healthcare
facilities, clinicians should include C. auris in the differential diagnosis for patients with symptoms compatible
with bloodstream infection.
Limitations of this investigation include the inability
to determine where C. auris was acquired for most cases
because of multiple healthcare exposures. Point prevalence
surveys have not yet been conducted at all involved facilities. The best uses for and interpretation of PCR results are
still being determined, especially when PCR is positive but
culture result is negative. This investigation did not assess
transmission in the community or outpatient settings; other
investigators have described C. auris infections associated
with an outpatient clinic (12).
Given the consequences of the development and
spread of multidrug-resistant bacteria over the past several decades, the prospect of an endemic or epidemic
multidrug-resistant yeast in US healthcare facilities is
troubling. Data from other countries show that C. auris
can become established within facilities. Chowdhary et al.
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Table 4. Antifungal susceptibility data for first Candida auris isolates from 51 clinical cases, New York, USA, 2013–2017*
Tentative resistance
Antifungal
breakpoint (16)
MIC50†
MIC range†
No. (%) resistant
Fluconazole
>32
>256
8.00 to >256
50 (98)
Itraconazole
NA
0.500
0.25–1.00
NA
Voriconazole
NA
2.000
0.50–4.00
NA
Posaconazole
NA
0.250
0.12–0.50
NA
Isavuconazole
NA
0.500
0.25–2.00
NA
Caspofungin
>2
0.060
0.03–0.25
0
Micafungin
>4
0.120
0.06–0.25
0
Anidulafungin
>4
0.250
0.12–0.50
0
Amphotericin B
>2
1.500
0.50–4.00
15 (29)
Flucytosine
NA
0.125
0.125–0.25
NA

*NA, not available.
†MICs for azoles and echinocandins are defined as the lowest drug concentration that caused 50% growth inhibition compared with the drug-free
controls; MICs for amphotericin B and flucytosine are defined as the lowest concentration at which there was 100% growth inhibition. MIC50 was defined
as the MIC at which >50% of the isolates of C. auris tested were inhibited.

(2) report that C. auris accounted for 5% of candidemia
cases in a pediatric hospital and 30% in a tertiary general
hospital in India. Chakrabarti et al. (6) report that C. auris
was isolated from 19 of 27 intensive care units throughout
India and accounted for 5.2% of Candida isolates from
intensive care units. Okinda et al. (26) report that 38%
of candidemia cases at a referral hospital in Africa were
caused by C. auris, surpassing C. albicans cases (27%).
Schelenz et al. (10) describe an outbreak in a London hospital that affected 50 patients.
Infection control lapses observed during site visits
prompted NYSDOH leadership to conduct educational
webinars for New York state clinicians and onsite infection
control–focused reviews of all nonfederal hospitals and
LTCFs in Brooklyn and Queens. NYSDOH also created
a web page for healthcare personnel and the public (27).
Intensive infection prevention and control efforts continue;
the goals are delaying endemicity, preventing outbreaks
within facilities, reducing transmission and geographic
spread, and blunting the effect of C. auris in New York and
the rest of the United States.
Additional members of the Candida auris Investigation
Workgroup: Coralie Bucher, Richard L. Erazo, Rosalie Giardina,
Janet Glowicz, Brendan R. Jackson, Ronald Jean Denis,
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The World Health Organization selects influenza vaccine
compositions biannually to cater to peaks in temperate
regions. In tropical and subtropical regions, where influenza seasonality varies and epidemics can occur yearround, the choice of vaccine remains uncertain. Our 17year molecular epidemiologic survey showed that most
influenza A(H3N2) (9/11) and B (6/7) vaccine strains had
circulated in East Asia >1 year before inclusion into vaccines. Northern Hemisphere vaccine strains and circulating strains in East Asia were closely matched in 7 (20.6%)
of 34 seasons for H3N2 and 5 (14.7%) of 34 seasons for
B. Southern Hemisphere vaccines also had a low probability of matching (H3N2, 14.7%; B, 11.1%). Strain drift
among seasons was common (H3N2, 41.2%; B, 35.3%),
and biannual vaccination strategy (Northern Hemisphere
vaccines in November followed by Southern Hemisphere
vaccines in May) did not improve matching. East Asia is
an important contributor to influenza surveillance but often
has mismatch between vaccine and contemporarily circulating strains.

I

nfluenza is a major cause of illness and death worldwide.
The human influenza virus spreads rapidly (average reproduction number of 1.28), typically infects 5%–10% of
the population during seasonal epidemics, and results in
3–5 million cases of severe acute lower respiratory tract
infection and ≈500,000 deaths per year globally (1,2). Continuous evolution of the single-stranded influenza virus results in antigenic drift of its surface proteins hemagglutinin
(HA) and neuraminidase (3,4). Antigenic drift occurs on
average 2–8 years in response to host immune selection
pressure and is most frequently seen in influenza A(H3N2),
followed by influenza B and influenza A(H1N1). Antigenic
Author affiliation: The Chinese University of Hong Kong,
Hong Kong, China
DOI: https://doi.org/10.3201/eid2410.180652

drift confers the virus an ability to escape immunity induced by previous infection or immunization (5).
Effectiveness of current influenza vaccines is predominantly determined by matching between vaccines and circulating strains (6). To achieve the best possible vaccine
matching, the World Health Organization (WHO) has
changed its recommended vaccine composition 12 times for
influenza A(H3N2), 10 times for influenza B, and 6 times
for influenza A(H1N1) since 1998 (7). WHO reviews influenza vaccine composition each February and September
to provide timely recommendation for temperate regions
of the Northern and Southern Hemispheres, respectively.
Tropical and subtropical regions are expected to choose 1
of the 2 recommended vaccine compositions. However, influenza seasonality varies more in the tropics and subtropics, where epidemics can occur year-round. Moreover, a
national policy on the choice and timing of vaccination is
lacking in many tropical and subtropical countries, where
60% of the world’s population resides (8).
We analyzed the 2 most frequently drifting influenza
types, A(H3N2) and B, in Hong Kong during 1996–2012
to examine matching between vaccine strains and circulating field viruses to document the challenges faced in this
region. We evaluated options on choosing the Northern or
Southern Hemisphere vaccine compositions and the strategy of an annual or biannual vaccination.
Methods
Study Samples

We conducted a retrospective molecular epidemiologic
study to analyze the HA sequences of influenza A(H3N2)
and influenza B viruses that circulated during a 17-year
period (1996–2012) in Hong Kong, a subtropical city in
Current affiliation: University of Alberta, Edmonton, Alberta,
Canada.
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East Asia (22°17′7.87′′N, 114°9′27.68′′E) with a high population density of 57,250 persons/km2 in the most densely
populated district, Kwun Tong (9). Hong Kong is an international hub. As recorded in 2011, Hong Kong received
>34 million visitors from neighboring regions, including
South and Southeast Asia, Taiwan, mainland China, and
Macao, and an average of ≈650,000 cross-boundary trips
between Hong Kong and mainland China were recorded
daily (10,11). In this study, we used Hong Kong as a proxy
to reflect the challenges faced in East Asia.
We focused on influenza A(H3N2) and influenza B,
rather than A(H1N1), because changes in vaccine composition were more frequent for the former 2 viruses. Clinical specimens were derived from patients admitted to the
Prince of Wales Hospital, which serves 9% (0.6 million) of
Hong Kong’s population (12). We sequenced an average of
30 influenza A(H3N2) and 30 influenza B clinical samples
per year, except for 2009, when influenza A(H1N1)pdm09
predominated. Selection was prioritized for samples collected during different months to reveal the whole annual
spectrum of circulating viruses.
Identifying Closest Vaccine Strains and
Matched Seasons

We identified vaccine strain closest to each circulating virus on the basis of HA sequence analysis. We extracted viral RNA from specimens using the PureLink Viral RNA/
DNA Mini kit (Thermo Fisher, Waltham, MA, USA). The
full-length influenza A(H3N2) HA encoding region was
amplified and Sanger sequenced according to our previously described method (13). Similarly, the full-length
influenza B HA encoding region was amplified with primers FLUB-UNI9-HAF1 (5′-AGC AGA AGC AGA GCA
TTT TYT AAT ATC-3′) and FLUB-HAR1 (5′-ACA AGC
AAA CAA GYA CYA CAA YAA AG-3′) and Sanger
sequenced. We downloaded ancestral influenza A(H3N2)
and influenza B HA sequences from GenBank. Information
about WHO-recommended vaccine strains and sequences
were retrieved from the Influenza Research Database (14).
When the recommendation included alternative vaccine
strains, each of them was included for analysis.
We conducted neighbor-joining phylogenetic inference on the basis of the HA sequences using MEGA6
(15). Resulting trees were visualized using FigTree version 1.4.2. We then matched each circulating strain to a
closest influenza A(H3N2) or influenza B vaccine strain
based on pairwise protein sequence distances as calculated by the Poisson model (16). Circulating strains with
equal distance to 2 vaccine strains were assigned to the
vaccine recommended in an earlier year. Strains with
distances >2 times the SD from the mean distance of all
strains were regarded as outliers and thus had no closest
vaccine strain assigned.
1826

When the circulating viruses and their closest vaccine strain corresponded in time, the season was regarded as matched. On the other hand, when the circulating
viruses coincided with vaccine strains from a previous
season (e.g., circulating strain from 2012 matching vaccine strain from 2010), the season was regarded as not
matched. This matching scheme was based on the rationale that WHO changes the influenza vaccine composition only when substantial antigenic drift has occurred,
and suboptimal effectiveness would be expected for the
previous vaccine compositions.
Seasonality and Protection Period

Unlike temperate regions, peak seasons of influenza in the
subtropics are not restricted to winter months. Because previous studies have revealed a biannual pattern of influenza
activity in Hong Kong and surrounding regions (12,17), we
divided the surveyed 17-year period into 34 influenza seasons. We grouped calendar months under winter and summer influenza seasons on the basis of the average monthly
number of hospital admissions of patients for whom influenza was laboratory confirmed that were recorded during
the study period.
The Hong Kong Government Influenza Vaccination
Programme recommends use of the Northern Hemisphere
influenza vaccines and begins annual vaccination every
November. Therefore, we defined the protection period
of Northern Hemisphere vaccines as from November
through October of the following year. Although Southern Hemisphere vaccines are not typically used in Hong
Kong, for this analysis we regarded the protection period
of these vaccines to be from May through April of the
following year.
Results
During the 17-year study period, 8,011 persons with influenza A and 2,079 with influenza B were admitted to the
Prince of Wales Hospital. Both infections exhibited 2 seasonal peaks in most years (Figure 1). Most influenza admissions occurred from late winter through early spring (late
January through early March) and around summer (May–
September), although the summer peak of influenza B varied more and was less prominent than that of influenza A.
Based on this observed seasonality, we grouped circulating
strains collected during November–April under the winter
season and those collected during May–October under the
summer season.
We successfully sequenced 502 influenza A(H3N2) and
481 influenza B samples covering all influenza seasons in
the study period, except in 2009, when influenza A(H1N1)
pdm09 dominated activity. In the phylogenetic analysis
based on HA sequences, H3N2 virus exhibited a characteristic ladder-like tree topology suggesting continuous
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Figure 1. Seasonality of influenza
A and B, Hong Kong, China,
1996–2012. The numbers
of patients hospitalized with
acute respiratory illnesses and
who had laboratory-confirmed
influenza were retrieved from
a computerized laboratory
information system at the
microbiology department of a
district general hospital that
serves 9% (0.6 million) of Hong
Kong’s population. Pink indicates
summer seasons; blue indicates
winter seasons.

unidirectional evolution (Figure 2, panel A). Existing
H3N2 variants circulated for a median of 2 years (range
1–4 years), with gaps between the winter and summer
seasons, and became displaced rapidly by newly emerging variants. We observed a more complex tree topology
for influenza B, where new lineages emerged from deep
branches and evolved toward multiple directions (Figure
2, panel B). In addition, multiple influenza B variants cocirculated for a median of 6 years (range 2–15 years) before
being displaced by new variants.
Of the 983 circulating strains examined, 8 (maximum
2 per season) influenza A(H3N2) and 12 (maximum 4 per
season) influenza B viruses were regarded as far away
from any vaccine strains recommended during the 17-year
study period. The pairwise HA amino acid distances of
these strains were more than twice the SD from the mean
of the related clusters (online Technical Appendix Figures
1, 2, https://wwwnc.cdc.gov/EID/article/24/10/18-0652Techapp1.pdf), and they were distant from all vaccine
strains based on the phylogenetic tree topology.
Matching Between Circulating and Vaccine Strains
Influenza A(H3N2)

We assessed the temporal relationship between circulating H3N2 viruses collected in this study and their closest
Northern Hemisphere vaccine strain based on HA amino
acid sequence comparisons (Figure 3, panel A). Most
Northern hemisphere vaccine-like strains (9/11) had circulated in Hong Kong for >1 year before WHO first recommended them for inclusion in the Northern Hemisphere
vaccine. We found co-circulation of multiple strains in 17
(50.0%) of the 34 seasons. In 13 (38.2%) seasons, at least
a portion of the circulating viruses were closely matched
with the contemporary vaccine strain. However, in only 7

(20.6%) seasons, the closely matched portion accounted
for the >50% of circulating viruses examined. A full match
was achieved in only 2 (5.9%) seasons. We determined
the proportion of circulating viruses that were genetically
closely matched with vaccine strains based on HA amino
acid sequence comparison (Table), which should not be
taken as vaccine effectiveness because cross-protection between mismatched strains can occur.
We repeated the same analysis with respect to Southern
Hemisphere vaccine strains. Similarly, most (8/11) Southern Hemisphere H3N2 virus vaccine strains had circulated
in Hong Kong for >1 year before WHO first recommended
them for inclusion in the Southern Hemisphere vaccine. A
similar picture on matching was revealed (Figure 3, panel
B). In 10 (29.4%) of the 34 seasons, at least a portion of the
circulating viruses were closely matched with the contemporary vaccine strain. However, only in 5 (14.7%) seasons
did the matched portion account for the >50% of circulating viruses examined.
Influenza B

We assessed the temporal relationship between circulating influenza B viruses and their closely matched Northern Hemisphere vaccine strains based on HA amino acid
sequence comparisons (Figure 4, panel A). Most (6/7)
of the Northern Hemisphere influenza B vaccine–like
circulating strains had been found in Hong Kong >1
year before WHO first recommended them as vaccine
strains. Co-circulation of multiple strains was found in 26
(76.5%) of the 34 seasons examined. In 15 (44.1%) seasons, at least some of the circulating viruses were closely
matched with the contemporary Northern Hemisphere
vaccine strain. However, in only 5 (14.7%) seasons did
the matched portion account for the >50% of circulating
viruses examined.
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Analysis of Southern Hemisphere vaccine strains
showed a similar result (Figure 4, panel B). Most (5/6) of
the vaccine-like strains were found in Hong Kong >1 year
before WHO first recommended them as vaccine strains.
Again, we found matched strains in 14 (41.2%) seasons,
but in only 4 (11.8%) seasons did the matched viruses account for the >50% of viruses examined.

Strain Drifting between Winter and
Summer Seasons
Influenza A(H3N2)

In 7 of the 17 years (2002, 2003, 2004, 2005, 2007, 2009,
and 2011), the predominant H3N2 virus strain in summer differed from that in the preceding winter. We further

Figure 2. Neighbor-joining phylogenetic inference of near-complete hemagglutinin protein of influenza A(H3N2) (A) and influenza B
(B), Hong Kong, China, 1996–2012. Pairwise protein sequence distances were calculated using a Poisson model. Triangles denote
ancestral influenza strains: influenza A(H3N2), A/Hong Kong/1/1968, GenBank accession no. CY044261; influenza B, B/Lee/1940,
accession no. CY115111. Gray squares denote recommended vaccine strains; for clarity, only those used in Figures 3 and 4 are shown.
Bootstrap values >70% are shown at the respective nodes. All alignment positions containing gaps were omitted from the analysis.
Trees were rooted to ancestral strains and drawn to scale. Scale bars indicate numbers of amino acid substitutions per position.
GenBank accession numbers of hemagglutinin sequences of circulating strains collected in this study are shown in the online Technical
Appendix Table (https://wwwnc.cdc.gov/EID/article/24/10/18-0652-Techapp1.pdf).
1828

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

Vaccine Strains and Seasonal Influenza Viruses

examined whether administration of an additional Southern Hemisphere vaccine at the beginning of summer
(around May) could achieve better vaccine matching. In 5
of the 7 years, content of newly available Southern Hemisphere vaccines was identical to the preceding Northern
Hemisphere vaccine composition. In 2004 and 2005, although another strain was chosen for the Southern Hemisphere vaccine, the new vaccine strain was not closely
matched with circulating viruses at that time. These results suggested that additional administration of Southern
Hemisphere vaccines at the beginning of summer would
not have improved the immunity against the circulating
H3N2 strains.

Influenza B

In 6 of the 17 years (2000, 2002, 2004, 2008, 2010, and
2011), a drift occurred in the predominant influenza B variant from winter to summer seasons. Similarly, we examined the value of an additional Southern Hemisphere vaccine administered at the beginning of summer and again
found no benefit. In 5 of the 6 drift years, the newly recommended Southern Hemisphere vaccine composition
was identical to the previous Northern Hemisphere vaccine. In 2008, although the Southern Hemisphere vaccine
contained a new virus (Yamagata, B/Florida/4/2006) that
closely matched the circulating viruses detected in the first
half (winter season) of the same year, the circulating strain

Figure 3. Matching between circulating and vaccine strains of influenza A(H3N2), Hong Kong, China, 1996–2012. Each circulating virus
was assigned on the basis of full-length hemagglutinin amino acid distance and phylogenetic tree topology to the closest World Health
Organization–recommended influenza A(H3N2) vaccine strain for Northern Hemisphere (A) and Southern Hemisphere (B) vaccines.
Closely matched viruses are labeled with the same color. The circulating strains with no closest vaccine strain identified as defined in
the Methods are indicated by dotted boxes. Horizontal color bars indicate the protection period of the corresponding vaccine strain.
Asterisks indicate vaccine strains without closely matched circulating viruses. The protection period of Northern Hemisphere vaccines
was defined as from November through the following October and of Southern Hemisphere vaccines from May through the following
April. All the alternative vaccine strains were analyzed, and those with different results are shown.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018
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Table. Proportion of circulating influenza viruses with HA amino acid sequences closely matched with vaccine strains, Hong Kong,
China, 1996–2012*
Influenza A(H3N2) vaccine strains, %†
Influenza B vaccine strains, %†
Year, season
Northern Hemisphere
Southern Hemisphere
Northern Hemisphere
Southern Hemisphere
1996
Winter
None‡
None‡
All§
All§
Summer
None‡
None‡
77.8
77.8
1997
Winter
All§
None‡
14.7
None‡
Summer
94.4
94.4
None‡
None‡
1998
Winter
None‡
None‡
None‡
None‡
Summer
None‡
None‡
None‡
None‡
1999
Winter
18.8
None‡
6.3
6.3
Summer
None‡
None‡
None‡
None‡
2000
Winter
None‡
None‡
None‡
None‡
Summer
None‡
None‡
None‡
None‡
2001
Winter
All§¶
None‡
None‡
None‡
Summer
84.6¶
84.6¶
None‡
25.0
2002
Winter
41.2¶
41.2¶
None‡
None‡
Summer
6.7
6.7
12.5
12.5
2003
Winter
None‡
None‡
73.3
6.7
Summer
None‡
None‡
None‡
None‡
2004
Winter
None‡
None‡
None‡
None‡
Summer
None‡
None‡
None‡
None‡
2005
Winter
31.3#
None‡
29.4
None‡
Summer
None‡
None‡
12.5
12.5
2006
Winter
None‡
None‡
None‡
None‡
Summer
None‡
None‡
None‡
90.0
2007
Winter
52.4
None‡
9.1
9.1
Summer
6.7
6.7
None‡
None‡
2008
Winter
None‡
None‡
22.2
22.2
Summer
None‡
All§
None‡
None‡
2009
Winter
52.2
52.2
None‡
None‡
Summer**
22.2
22.2
None‡
None‡
2010
Winter
None‡
None‡
66.7
None‡
Summer
None‡
92.9
26.7
26.7
2011
Winter
87.5
87.5
64.3
64.3
Summer
None‡
None‡
37.5
37.5
2012
Winter
None‡
None‡
31.0
31.0
Summer
None‡
None‡
None‡
None‡

*Calendar months belonging to winter or summer influenza seasons were based on the average number of cases admitted per month during the study
period (Figure 1). Winter seasons were November of previous year through April of current year; influenza usually peaks in February and March. Summer
seasons were May–October; influenza usually peaks in July and August. HA, hemagglutinin.
†Co-circulation of multiple strains with a certain percentage closely matched the contemporary vaccine strain based on HA amino acid sequence
comparison.
‡None of the circulating viruses examined were closely matched with the contemporary vaccine strain based on HA amino acid sequence comparison.
§All circulating viruses examined were closely matched with the contemporary vaccine strain based on HA amino acid sequence comparison.
¶A/Panama/1999, an alternate to A/Moscow/99, closely matched the circulating strains of 2001 winter and summer seasons and 2002 winter season.
#The World Health Organization recommended 2 A(H3N2) vaccine strains for the Northern Hemisphere in 2005, one of which, A/Wyoming/2003, closely
matched a portion of the viruses circulating during the 2005 winter season.
**Dominated by influenza A(H1N1)pdm09.
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was soon replaced by another influenza B variant not covered in the recommended Southern Hemisphere vaccine.
Discussion
This study focused on the vaccine matching of influenza
A(H3N2) and influenza B viruses because antigenic drift
frequently occurs in these viruses, leading to changes in vaccine recommendation, more so than for influenza A(H1N1)
virus (7). Antigenic characterization of influenza viruses,
and thus the assessment of vaccine matching, has traditionally been based on hemagglutination inhibition (HI) assay.
HI measures the ability of specific antibodies, typically
reference ferret antiserum, to inhibit the binding of virus
HA to receptors on erythrocytes. However, H3N2 virus

variants from the past 3 decades have progressively displayed reduced avidity to erythrocytes of commonly used
animal species, making the results of HI assays difficult to
interpret (8,18). In this study, we analyzed the amino acid
sequence of HA to infer vaccine matching because genetic
and antigenic characteristics of influenza viruses display
remarkable correspondence, and both carry a strong correlation with vaccine effectiveness (19–21). The molecular phylogenetic approach used enables direct analyses
of viruses in clinical samples rather than relying on cell
culture–propagated isolates. Furthermore, the molecular
approach does not require influenza variant–specific antiserum and is more feasible for large-scale epidemiologic
surveys. One caution in interpreting molecular results is

Figure 4. Matching between circulating and vaccine strains of influenza B, Hong Kong, China, 1996–2012. Each circulating virus
was assigned on the basis of full-length hemagglutinin amino acid distances and phylogenetic tree topology to the closest World
Health Organization–recommended influenza B vaccine strain for Northern Hemisphere (A) and Southern Hemisphere (B) vaccines.
Closely matched viruses are labeled with the same color. The circulating strains with no closest vaccine strain identified as defined in
the Methods are indicated by dotted boxes. Horizontal color bars indicate the protection period of the corresponding vaccine strain.
Asterisks indicate vaccine strains without closely matched circulating viruses. The protection period of Northern Hemisphere (A)
vaccines was defined as from November through the following October and of Southern Hemisphere (B) vaccines from May through the
following April. All the alternative vaccine strains were analyzed, and those with different results are shown.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018
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that influenza vaccines might still display cross-protection
efficacy against circulating variants that are regarded as
not closely matched to the vaccine strains based on genetic
comparison. Nevertheless, our approach to define matching between vaccine and circulating strains would be sufficient to guide the selection of Northern and Southern
Hemisphere vaccines and to inform the potential benefit
of a biannual vaccination strategy using both Northern and
Southern Hemisphere vaccines on the background of influenza epidemiology faced by subtropical countries.
Given the extensive amount of travel between Hong
Kong and neighboring East Asia cities, we expect a substantial sharing of viruses detected in Hong Kong with the
region. Although the proportion of infectious travelers is
difficult to estimate, a study from Xiamen International Airport (Xiamen, China) in 2015–2016 found that ≈8/10,000
incoming travelers had influenza-like illness, of whom
21% tested positive for influenza (22). The fact that Hong
Kong shares a similar, though not always synchronized,
pool of influenza viruses with the neighboring East and
Southeast Asian cities is supported by a study from Bahl et
al. (23) and sequence information from Nextstrain (https://
nextstrain.org). East and Southeast Asia are the sources of
new genetic variants of H3N2 virus, which seed epidemics worldwide (24–28). In line with this, we demonstrated
that most of the H3N2 virus strains selected for inclusion in
influenza vaccines could be detected in East Asia >1 year
before recommendation by WHO. Most of these newly
emerged strains predominated for 2 years, covering 4 influenza seasons in this region. Although vaccine compositions
were reviewed twice a year, when vaccines incorporating
newly emerged strains were made available to the market,
often another newly drifted influenza strain had become
predominant in the region. Based on our analysis covering 17 years with 34 influenza seasons, the probability of
a season having the contemporary vaccine closely matched
with >50% of the circulating viruses was only 20.6%, and
if we aimed at matching >70% of circulating viruses, the
probability was further reduced to 14.7%. As reflected in
a recent study on vaccine effectiveness against hospitalization among children in Hong Kong, efficacy against H3N2
virus was on average 36.6% (29).
Because Hong Kong, like many other subtropical cities, faces multiple influenza peaks annually, we raised the
question whether Southern Hemisphere influenza vaccines
would provide timely and better vaccine matching. However, we observed that most of the time composition of the
Southern Hemisphere vaccine is the same as the preceding
Northern Hemisphere vaccine and thus made no difference in vaccine matching. Furthermore, according to the
current production schedule, Southern Hemisphere vaccines are made available in May, just after the period with
highest influenza activity in Hong Kong (January–March).
1832

Therefore, to administer influenza vaccine in May requires
vaccines with efficacy lasting for almost 12 months, which
is not a demonstrated property of current vaccines.
Given the comparable duration of winter and summer
influenza seasons in Hong Kong, the next question was
whether biannual vaccination with Northern and Southern Hemisphere vaccines administered before the winter
and summer seasons, respectively, would improve immunity against circulating strains. In early 2015, Hong Kong
faced a strong winter influenza peak associated with a
newly drifted variant, influenza A(H3N2)/Switzerland,
which was not incorporated into the Northern Hemisphere
vaccine. In view of a possible strong summer peak, an
ad hoc vaccination campaign was conducted in May using the newly available Southern Hemisphere vaccine that
incorporated the new variant. However, willingness to accept the vaccine was low among healthcare professionals,
and a major proportion expressed concern (30). Furthermore, in recent years, concern has surfaced that repeated
influenza vaccination might negatively affect current vaccine effectiveness (31–33). Although a recent meta-analysis does not support such a claim (34), this possibility
should not be ignored when considering biannual vaccination. Although the cost-effectiveness and feasibility of
a biannual vaccination strategy is yet to be assessed, our
analysis does not support that an additional vaccine before summer seasons can improve matching. We observed
a substantial chance of drift in predominant influenza viruses from season to season (41.2% for H3N2 and 35.3%
for influenza B), and the newly available Southern Hemisphere vaccines typically had the same strain composition as the preceding Northern Hemisphere vaccine or the
updated Southern Hemisphere composition still did not
achieve a close match with the then-circulating viruses.
East Asia and other subtropical regions face different challenges in achieving close vaccine matching for
influenza A(H3N2) and influenza B. For H3N2 virus, the
forthcoming predominant strain can be identified from a
subtropical region–based surveillance network. The newly
emerged strains usually predominate for 1–2 years, which
cover 4 influenza seasons in this region. If recommendation on vaccine composition followed by manufacturing is
accomplished within a few months, a close match can be
achieved in the subsequent 2–3 seasons to provide the best
possible vaccine effectiveness. This streamlined workflow
should be practicable with current logistics and production
provided that a sustainable market can be established in
the region.
The challenge posed by influenza B is completely different. Although Bedford et al. suggested that East and
Southeast Asia play limited roles in disseminating new
variants of influenza B (24), we observed that most of
the influenza B strains could be found in East Asia long
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before they are selected as vaccine strains. East Asia is
therefore also an important site for identifying emergent
influenza B strains. However, co-circulation and multiple
reintroductions of existing and emerging influenza strains
complicate selection of vaccine strains. Incorporating
both lineages of influenza B into the quadrivalent vaccine
might be able to solve at least part of the problem. In either case, a next-generation influenza vaccine should be
designed to provide broad cross-protection against different antigenic variants (35).
East Asia is an important contributor to the influenza
virus surveillance program. However, vaccine strains incorporated in the Northern and Southern Hemisphere influenza vaccines frequently do not match the contemporary
circulating viruses in this region. Even biannual vaccination is unlikely to improve vaccine matching. A specific
strategy is urgently needed to select and produce influenza
vaccines targeting the tropical and subtropical regions.
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etymologia revisited
Influenza
[in′′floo-en′zə]

Acute viral infection of the respiratory tract. From Latin
influentia, “to flow into”; in medieval times, intangible
fluid given off by stars was believed to affect humans. The
Italian influenza referred to any disease outbreak thought
to be influenced by stars. In 1743, what Italians called an
influenza di catarro (“epidemic of catarrh”) spread across
Europe, and the disease came to be known in English as
simply “influenza.”
Sources: Dorland’s illustrated medical dictionary. 30th ed.
Philadelphia: Saunders; 2003 and Quinion M. World wide
words. 1998 Jan 3 [cited 2005 Dec 5]. Available from
http://www.worldwidewords.org/topicalwords/tw-inf1.htm
Originally published
in January 2006
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Mapping Histoplasma capsulatum
Exposure, United States
Amelia W. Maiga, Stephen Deppen, Beth Koontz Scaffidi, John Baddley,
Melinda C. Aldrich, Robert S. Dittus, Eric L. Grogan

Maps of Histoplasma capsulatum infection prevalence were
created 50 years ago; since then, the environment, climate,
and anthropogenic land use have changed drastically. Recent outbreaks of acute disease in Montana and Nebraska,
USA, suggest shifts in geographic distribution, necessitating updated prevalence maps. To create a weighted overlay geographic suitability model for Histoplasma, we used a
geographic information system to combine satellite imagery
integrating land cover use (70%), distance to water (20%),
and soil pH (10%). We used logistic regression modeling to
compare our map with state-level histoplasmosis incidence
data from a 5% sample from the Centers for Medicare and
Medicaid Services. When compared with the state-based
Centers data, the predictive accuracy of the suitability
score–predicted states with high and mid-to-high histoplasmosis incidence was moderate. Preferred soil environments
for Histoplasma have migrated into the upper Missouri River
basin. Suitability score mapping may be applicable to other
geographically specific infectious vectors.

H

istoplasmosis is a regionally endemic mycosis caused
by inhalation of the spores of the fungus Histoplasma
capsulatum from the soil, leading occasionally to symptomatic disease and asymptomatic pulmonary nodules (1).
Soils act as reservoirs for Histoplasma, especially where
temperatures are 22°C–29°C and annual rainfall is 35–50
inches (2). According to a 1969 map by Edwards et al.
of histoplasmin skin test reactivity among single-countyresident Navy recruits in the United States, H. capsulatum
has been most prevalent in the Mississippi and Ohio River
basins (3). Since then, much has changed with the environment, climate, and anthropogenic land use. Indeed, the
advent of HIV/AIDS and the use of immunosuppressive
medications for rheumatologic, dermatologic, and gastrointestinal conditions has unmasked areas of previously
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hidden histoplasmosis endemicity, nationally and globally
(4). Recent outbreaks in Montana and Nebraska have led
the Centers for Disease Control and Prevention to suggest
that histoplasmosis is now endemic to these regions (5,6).
State-level incidence rates of histoplasmosis among older
patients also demonstrate a shift toward Nebraska and the
northern Great Lakes area (7). In addition, a recent publication of surveillance data from 2011 through 2014 in 12
states suggests that histoplasmosis also occurs in Minnesota, Wisconsin, and Michigan, areas where histoplasmosis
was not thought to be endemic (8).
Accurate maps of H. capsulatum prevalence assist in
the early recognition, diagnosis, and treatment of acute infections. Pulmonary histoplasmosis may generate cancermimicking lung granulomas, causing false-positive radiographic images on high-resolution computed tomography
and fluorodeoxyglycose positron emission tomography
(FDG-PET) (9–11). Thus, an accurate understanding of the
conditions for H. capsulatum is of practical epidemiologic
and clinical value.
Edwards’ 1969 survey of histoplasmosis endemicity is
impractical to repeat now or in the foreseeable future (3).
It would be prohibitively expensive to survey a sufficiently
large sample of the population and, in our mobile society,
nearly impossible to identify an appropriate number of lifetime-single-county residents who are representative of the
broader population. Furthermore, the histoplasmin skin test
is no longer available, and another approach is needed. Our
study objective was to model known environmental factors
preferred by H. capsulatum and produce a large-scale map
to enable risk stratification of patients on the basis of their
geographic history.
Materials and Methods
We created a site suitability model for H. capsulatum
weighted by 3 environmental soil characteristics measured
across the continental United States within a geographic
information system (ArcGIS 10.3.1; ESRI, Redlands, CA,
USA). Suitability scores ranged from 1 through 9 within
each soil characteristic; higher scores signified more favorable conditions for H. capsulatum. Selection of raster
datasets was based on known criteria for histoplasmosis
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behavior—land cover, water, and soil pH—because cultivation and anthropogenic land use increase the spread of H.
capsulatum from the soil to the air (1).
Land Cover

We obtained land cover data from the 2006 National Land
Cover Database (12). This publicly available dataset applies 16 classes of land cover or land use types over the
conterminous United States at a spatial resolution of 30 ×
30 meters. The risk for histoplasmosis growth is highest
in areas of high soil humidity (e.g., near rivers), and soil
moisture affects the temperature at which H. capsulatum
can survive (13–15).
Distance from Water

Because no continuous flood risk map exists for the United
States, we defined water presence by attributes extracted
from the 2006 National Land Cover Database (e.g., open water, woody wetlands, or emergent herbaceous woodlands).
Suitability for H. capsulatum was modeled to decrease with
Euclidean distance from these water types across 9 equally
distributed categories. Suitability scores ranged from a bestsuited value of 9, which occurred from 0 through 222 meters,
to a low value of 1, at >1,777 meters (Table). Open water
was assumed to preclude presence of histoplasmosis.
Soil pH

We obtained soil pH raster data from the University of
Wisconsin Atlas of the Biosphere, compiled by the International Geosphere-Biosphere Programme Global Soils
Data Task in 1998 (16). Original data projection of the Environmental Systems Research Institute ArcView gridded
format with a spatial resolution of 10,000 meters, or 10 km,
was reclassified into 9 categories. The highest score of 9
was assigned to pH values near 7.4, the pH of normal lungs,
the presumed ideal environment for the H. capsulatum exposure of interest. Decreasing pH values were modeled in a
descending fashion to a score of 4 for pH >8 and a score of
1 for pH <4.5 (Table).

Mapping

We calculated the overall score for each ZIP code area as a
weighted sum of assigned values from each of the 3 environmental factors. Each layer was preprocessed for analysis
by mosaicking native coordinate systems across a common
geographic coordinate system (World Geodetic System
1984, https://www.nga.mil/ProductsServices/GeodesyandGeophysics/Pages/WorldGeodeticSystem.aspx) and then
clipping the data for each raster layer to the conterminous
US border. Pixels for each layer were reclassified to a common scale of 1–9, ranging from least to most suitable for H.
capsulatum. The unique map layers were then weighted and
combined. Weighting was an iterative process to approximate the historical distribution of Histoplasma and recent
histoplasmosis infection patterns, especially in the lower
Mississippi River valley and, given the limitations of computational efficiency, to interpolate the final risk surface
(17). The final suitability model included 3 layers of data:
the 2006 National Land Cover Database with 16 classes of
land cover or land use types (weighted 70%), Euclidean
distance from the nearest open water source (20%), and soil
pH (10%) (Table). A granular risk score was computed for
each pixel. Next, the pixel values from the suitability map
were extracted as points, and those points were joined to
state and census tract polygons to provide a mean, median,
and SD for exposure suitability scores aggregated to each
spatial unit. To create a continuous exposure risk surface,
we applied the inverse distance weights to interpolate a risk
surface, which was then clipped to the US border.
We determined the 70%, 20%, and 10% weights through
an iterative process based on Edwards’ 1969 survey countylevel data for a few states (Tennessee with high within-state
variability, Mississippi and Kansas with low variability, and
Florida as a coastal state). During the developmental phase
of the suitability score, we compared different proportions
with state-level Medicare data, but there were no better
models. Because of the lack of granularity of the state data,
our sensitivity analyses may not have been very informative
for detecting minor differences in state prevalence.

Table. Scoring of 3 soil characteristics used for Histoplasma site suitability map*
Assigned value
9
8
7
6
5
4
3
2
1

Land cover class (70% weight)†
Cultivated crops, >20% vegetation
Pasture or hay, >20% vegetation
Open water, woody wetlands, >20% vegetation; or emergent
herbaceous wetlands, >80% vegetation
Deciduous, evergreen or mixed forest, >20% vegetation
Dwarf scrub or shrub/scrub, >20% vegetation; or grassland used
for grazing, >80% vegetation
Developed, open space such as lawns, <20% impervious
Developed, low and medium intensity, 20% to 79% impervious
Barren land such as rock, sand, or clay, <15% vegetation
Developed, high intensity, >80% impervious

Meters from water
(20% weight)
0–222
222–444
444–666

Soil pH (10% weight)
7.2–7.6
7.0–7.2 or 7.6–7.8
6.7–7

666–888
888–1,110

6.4–6.7 or 7.8–8.0
6.0–6.4

1,110–1,332
1,332–1,555
1,555–1,777
1,777–1,999

5.6–6.0 or >8
5.1–5.6
>4.5 and <5.1
<4.5

*A value of 9 represents the most suitable environment for H. capsulatum. The overall weighted score was calculated as follows: an area of evergreen
forest, located 1,000 meters from water, with a soil pH of 7.7 would have a suitability score of (6 × 0.7) + (5 × 0.2) + (8 × 0.1) = 6.
†Excluded classes include perennial ice/snow and Alaska-only vegetation types.
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Statistical Analyses

We summarized our data to the state level to permit comparison with previously published research (7). The reference standard was state-level histoplasmosis incidence data
from a random 5% sample of the Centers for Medicare and
Medicaid Services (CMS) claims data for 1999–2008 (7).
Incident cases of endemic histoplasmosis required 1 inpatient claim or 2 outpatient claims over 7–90 days. We used
2 logistic regression models to assess the ability of our suitability histoplasmosis score to predict the binary outcome
of correctly identifying states with high histoplasmosis incidence rates, defined as >5 cases/100,000 person-years,
and states with mid-to-high incidence rates, defined as >3
cases/100,000 person-years. We generated the appropriate
area under the receiver operator curves (AUCs) and calculated the Wilcoxon-Mann-Whitney test by using Stata
version 12.0 (StataCorp LLC, College Station, TX, USA).
Results
Figure 1 depicts the granular suitability score map with
mean scores by US ZIP code. The data and model are applicable to estimates of Histoplasma in soils east of the
Rocky Mountains because of lack of suitable soil habitats
and limits in data availability. We calculated suitability
score estimates west of the Rocky Mountains, but many
geographic blocks had no or limited water data and thus
may overestimate Histoplasma suitability (e.g., distances
>3,000 meters from substantial amounts of water may

preclude the presence of Histoplasma irrespective of land
use). Figure 2 compares the state-level suitability scores
with 1999–2008 state-level incidence data from Baddley et
al. (7). Our suitability score model identified the states with
high and mid-to-high histoplasmosis incidence rates with
AUCs of 0.72 and 0.74, respectively, when compared with
state-based diagnosis rates among elderly persons during
1999–2008.
Discussion
Our histoplasmosis exposure suitability score predicted
state-level histoplasmosis incidence rates from recent CMS
data with an AUC >0.72. Our model confirms previous
reports that preferred soil environments for Histoplasma
have expanded into the upper Missouri River basin. This
progression probably reflects changes in climate and human land use with increased cultivation in that region and
urbanization of other regions of the country.
Our suitability score has limitations. We compared our
score to state-level histoplasmosis incident cases as derived
from administrative data and were thus unable to assess
the validity of our score to predict disease incidence for
a more granular geographic region. However, CMS is not
likely to release county-level histoplasmosis infection rates
because of the risk of identifying individual patients. The
administrative data we used for our comparative analysis
have their own limitations, namely reliance on codes from
the International Classification of Disease, Ninth Revision

Figure 1. Mean Histoplasma site suitability score by US ZIP code. Red reflects greater histoplasmosis suitability; green reflects
less suitability. The weighted mean score (Table) was calculated for each ZIP code. Data for geographic regions west of the Rocky
Mountains are considered insufficient because of limited surface water data.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018
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Figure 2. State-level suitability
score compared with
histoplasmosis incidence rates,
United States. A) State-level
suitability score map. B) Statelevel histoplasmosis incidence
rates for 1999–2008 US
Medicare and Medicaid data (no.
cases/100,000 person-years).

for histoplasmosis rate estimates, with unknown sensitivity
and specificity.
We also did not include known specific vectors of
histoplasmosis exposure (e.g., droppings in areas of bird
or bat roosts). This exclusion is particularly relevant,
given the microfocus concept that Histoplasma exist in
small environmental foci, resulting in localized outbreaks
or other exposures in non–histoplasmosis-endemic areas
(17,18). It is also worth noting that the coarse resolution
of the soil pH pixels limited the sensitivity of the weighted overlay result. Local studies that use soil pH from
US Department of Agriculture data within each state at
a smaller resolution may be preferred to upsampling the
coarse International Geosphere-Biosphere Programme
data. The accuracy of our approach should be confirmed
with soil pH measurements. In addition, as with any aggregate measure, our score is subject to the ecologic fallacy, whereby inferences about individual risk are estimated by an overall estimate from the geographic region
in which the person resides. This suitability score could
be combined with occupational and residential histories
to risk-stratify patients for fungal lung disease risk and to
improve interpretation of chest images.
1838

The accurate diagnosis of histoplasmosis is challenging and often requires a battery of antigen detection, serology, and histopathology studies (19,20). Serologic tests
are imperfect and, although often specific, can have low
sensitivity, particularly for immunosuppressed patients.
Knowledge of the distribution of H. capsulatum exposure
and histoplasmosis infection is also critical for the appropriate regional use of imaging to diagnose fungal lung
disease in immunocompromised persons and persons with
lung malignancies. Investigators have questioned the utility of FDG-PET for diagnosing lung nodules in regions
where granulomatous disease is prevalent (9,10,21). A
recent meta-analysis concluded that FDG-PET was less
specific for diagnosing malignancy in populations where
lung mycosis is endemic than in those where it is not (11).
In conclusion, we generated a detailed suitability map
for Histoplasma exposure east of the Rocky Mountains,
an approach that can be updated as land use changes. Our
suitability map may provide a detailed prediction of the
risk for acute histoplasmosis infection, including areas
of new endemicity. Accurate mapping of Histoplamosis
exposure may also aid in the interpretation of chest images, particularly in the context of lung cancer screening
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programs (22). Future work might add elevation, soil
moisture, water-holding capacity, and geologic data into
the suitability model. Suitability score models have the
potential to be applied to other infectious agents strongly associated with geographic-specific vectors, with the
promise to inform healthcare and improve public health
assessments and interventions.
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Transmission Dynamics of
Highly Pathogenic Avian Influenza
Virus A(H5Nx) Clade 2.3.4.4,
North America, 2014–2015
Dong-Hun Lee,1 Mia Kim Torchetti, Joseph Hicks, Mary Lea Killian,
Justin Bahl, Mary Pantin-Jackwood, David E. Swayne

Eurasia highly pathogenic avian influenza virus (HPAIV) H5
clade 2.3.4.4 emerged in North America at the end of 2014
and caused outbreaks affecting >50 million poultry in the
United States before eradication in June 2015. We investigated the underlying ecologic and epidemiologic processes
associated with this viral spread by performing a comparative genomic study using 268 full-length genome sequences
and data from outbreak investigations. Reassortant HPAIV
H5N2 circulated in wild birds along the Pacific flyway before several spillover events transmitting the virus to poultry
farms. Our analysis suggests that >3 separate introductions of HPAIV H5N2 into Midwest states occurred during
March–June 2015; transmission to Midwest poultry farms
from Pacific wild birds occurred ≈1.7–2.4 months before detection. Once established in poultry, the virus rapidly spread
between turkey and chicken farms in neighboring states.
Enhanced biosecurity is required to prevent the introduction
and dissemination of HPAIV across the poultry industry.

H

ighly pathogenic avian influenza virus (HPAIV)
A(H5N1) emerged in 1996 in Guangdong, China
(A/goose/Guangdong/1/1996 [Gs/GD]), and has since
caused outbreaks in poultry, infections in wild birds, and
often fatal clinical cases in humans in >80 countries (1).
In late autumn 2014, Gs/GD H5N8 clade 2.3.4.4 was reported in East Asia, Europe, and the west coast of North
America (2,3). The timing and direction of this virus’s
dissemination, which coincided with waterfowl migration patterns, together with phylogenetic and geospatial
data (3,4) support the hypothesis that Gs/GD H5N8 clade
2.3.4.4 was introduced into North America through the
Beringian Crucible via intercontinental movement of
migratory waterfowl (5,6).
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In November and December 2014, novel reassortant
H5N1, H5N2, and H5N8 viruses were detected in wild waterfowl along the Pacific flyway (2,7). Reassortant H5N2 virus
was identified as the causative agent of influenza outbreaks
in poultry farms in British Columbia, Canada, and among
wild waterfowl in the northwestern United States (Video,
https://wwwnc.cdc.gov/EID/article/24/10/17-1891-V1.htm)
(8). This virus subsequently was the predominant strain during HPAIV outbreaks among poultry in the United States
in 2015, particularly during March–June (9,10), and was
detected in wild birds migrating along the Pacific, Central,
and Mississippi flyways (11,12). The last reported virus detection related to the outbreak in the United States was in
June 2015 from a Canada goose in Michigan. Despite increased surveillance efforts in the United States, HPAIV was
rarely detected in wild bird populations during the latter half
of 2015 and 2016 (13). In 2015, the virus was detected just
2 times by real-time reverse transcription PCR in mallards,
once in July (from bird banding efforts in Utah) and once in
November (from a hunter harvest in Oregon) (14). In 2016,
H5N2 virus clade 2.3.4.4 was detected in 2 mallards sampled
in Alaska and Montana, providing evidence for low-level
maintenance of this virus in wild birds in northwestern North
America (15,16). Despite disagreement about the role of flyways in limiting viral spread among wild birds (17,18), the
rapid spatial diffusion and transmission of HPAIV in wild
and domestic birds highlight the need to further investigate
the processes involved in viral emergence and spread.
We sequenced and analyzed the full-length genome
sequences of 249 H5N2 and 19 H5N8 HPAIVs collected during the 2014–2015 outbreaks in the United States.
Viruses came from 32 wild birds, 7 raptors, 14 backyard
poultry farms, and 196 commercial poultry sites. We used
a molecular epidemiologic approach involving genome sequences and outbreak information to determine the evolution and spread patterns of these viruses.
Current affiliation: University of Connecticut, Storrs,
Connecticut, USA.
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Materials and Methods
Genome Sequencing

The National Animal Health Laboratory Network conducts PCR testing for avian influenza in the United States,
and per title 9, Code of Federal Regulations, nonnegative
samples are forwarded to the National Veterinary Services
Laboratories (Ames, Iowa, USA) for confirmation testing
and genome sequencing. In December 2014, interagency
wild bird surveillance started including testing for the
HPAIV Gs/GD lineage in wild birds in the Pacific flyway,
and by summer 2015, surveillance was further expanded
to include testing for this virus in all flyways (19). In our
study, we included all available wild bird (n = 32) and raptor (n = 7) viruses from these surveillance efforts and, for
poultry, just 1 virus from each affected site with available
samples (n = 210; 14/21 affected backyard sites, 196/211
affected commercial flocks) (20).
We extracted viral RNA from 249 H5N2-positive
and 19 H5N8-positive oral or cloacal swab samples using MagMAX Viral RNA Isolation Kit (Ambion, Foster
City, CA, USA). We synthesized complementary DNA and
amplified all 8 segments by reverse transcription PCR using SuperScript III (Invitrogen, Carlsbad, CA, USA) (21).
We conducted genome sequencing using the Ion Torrent
PGM (Life Technologies, Waltham, MA, USA) or MiSeq
(Illumina, San Diego, CA, USA) platforms as previously
described (7,16). We assembled genome sequences using
SeqMan NGen version 4 (http://www.dnastar.com/t-nextgen-seqman-ngen.aspx). We deposited nucleotide sequences
in GenBank (online Technical Appendix Table 5, https://
wwwnc.cdc.gov/EID/article/24/10/17-1891-Techapp1.pdf).
Maximum-Likelihood Phylogenetic Analysis
of US HPAIV H5N2

Of the 265 H5N2 sequences analyzed, we retrieved the 16
viruses from Canada from the GISAID EpiFlu database
(http://platform.gisaid.org) and sequenced the 249 viruses
from the United States. In all, 32 viruses were from wild
waterfowl in 10 states (Alaska, Idaho, Kansas, Kentucky,
Michigan, Missouri, Montana, Oregon, Washington, Wyoming); 7 viruses were from captive and wild raptors in 5
states (Idaho, Minnesota, Missouri, Washington, Wisconsin); and 210 viruses were from backyard and commercial
poultry farms in 13 states (Arkansas, Idaho, Iowa, Kansas,
Minnesota, Missouri, Montana, Nebraska, North Dakota,
Oregon, South Dakota, Washington, Wisconsin). Data
from Minnesota (1 backyard farm, 99 commercial poultry farms, 1 wild bird) and Iowa (69 commercial poultry
farms), where most commercial poultry were affected, predominated in this sample.
To demonstrate the phylogenetic organization of
the HPAIV outbreak, we built a maximum-likelihood

phylogenetic tree of the concatenated genome (all 8 genome segments) with RAxML version 8.0.0 (22) using default parameters and a general time-reversible model with
gamma-distributed rate variation among sites. We divided
the 265 H5N2 isolates into subgroups of related clusters
by their bootstrap value (>70%) on maximum-likelihood
phylogenetic analysis (23). To assess relatedness support,
we performed rapid bootstrapping, with bootstrap convergence criterion yielding 1,000 bootstrap iterations. We illustrated the time series of outbreaks by subgroup and state
using Tableau (https://www.tableau.com/).
Median-Joining Network Analysis

We concatenated all 8 genome segments of each virus isolate to generate a single alignment. We used these alignments to construct a phylogenetic network using the median-joining method implemented in program NETWORK
version 5.0 (http://www.fluxus-engineering.com/sharenet_
rn.htm) with epsilon set to 1 (24).
Ancestral State Reconstruction of
Geographic Location and Host Type

To investigate virus transmission between host types over
large spatial scales, we reconstructed the virus transmission
history between states geographically using an ancestral
state reconstruction approach with a Bayesian stochastic
search variable selection to determine the most probable
spatial and ecologic transmission history. For all phylogeographic analyses, we used an uncorrelated log-normal distribution relaxed-clock method with a Hasegawa, Kishino,
and Yano nucleotide substitution model and Bayesian skyride coalescent prior.
Using a globally derived dataset (n = 127 taxa) of
HPAIV hemagglutinin (HA) sequences from Asia, Europe,
and North America, we tested whether the HPAIV H5 outbreak in North America resulted from a single virus introduction or multiple virus introductions into the bird population of North America. We then developed a more refined
model to estimate viral diffusion and transmission between
wild and domestic populations and assess the most likely
route of spread. We incorporated HPAIV HA sequences
from the US and Canada 2014–2015 outbreaks (11) into
our discrete phylogenetic model. In this model, we defined
geographic region and host type as discrete nominal categories. We categorized geographic region of virus collection by migratory flyway (Pacific, Central, Mississippi) and
host type as chicken, turkey, wild bird, or backyard poultry. We estimated ancestral state transition rate and model
parameters from a set of 5,000 empirical trees simulated
from HPAIV H5 HA gene data collected throughout the
outbreaks. For the discrete ancestral state model, we used
a nonreversible continuous-time Markov chain model to
estimate geographic and host transitions among wild and
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domestic birds (25). We used Bayesian stochastic search
variable selection to identify important transitions using a
binary indicator (I) (18,26,27), enabling the calculation of
Bayes factor with SPREAD version 1.0.6 (28). A transition
was considered important when I was >0.5 and Bayes factor was >4.0 (18,26). We used the last 500 trees from each
posterior distribution to construct heat maps representing
the average number of transitions per month (online Technical Appendix).
Results
The highly pathogenic phenotype of viruses sequenced
in this study were confirmed by presence of the polybasic amino acid motif at the HA cleavage site and through
experimental infection of chickens by intravenous inoculation (online Technical Appendix). Analysis of globally
circulating Gs/GD-lineage H5Nx clade 2.3.4.4 viruses
showed a widespread distribution and confirmed that the
lineage causing the outbreak in North America probably
resulted from a single introduction (online Technical Appendix Table 2, Figure 1). During December 2014–March
2015, H5N2 was detected in poultry farms of British Columbia and in wild waterfowl and backyard poultry of
states along the Pacific flyway (Figure 1). Subsequently,
during March–June 2015, H5N2 predominated in poultry
outbreaks in the Midwest.
We generated a maximum-likelihood phylogenetic tree
and median-joining phylogenetic network of HPAIV H5N2
using 265 concatenated full-genome sequences (249 from
the United States, 16 from Canada) to investigate the relatedness of isolates (Figure 2; online Technical Appendix

Figure 2). The H5N2 viruses formed 2 major genetic
groups, group 1 and group 2 (includes subgroups 2a, 2b, 2c,
2d, 2e, and 2 nonclustered [2nc]), with maximum-likelihood phylogeny bootstrap proportions >75%. Group 1 contains 73 viruses from 11 US states and 2 Canada provinces
across the Pacific (Alaska, Idaho, Montana, Oregon, and
Washington, USA; British Columbia), Central (Kansas,
South Dakota, and Wyoming, USA), and Mississippi (Arkansas, Minnesota, and Missouri, USA; Ontario, Canada)
flyways (online Technical Appendix Figures 3, 4). Group
2 predominantly contained viruses isolated from poultry
from states along the Mississippi flyway: 2a (n = 39; Iowa,
Minnesota, Missouri, Wisconsin); 2b (n = 35; Minnesota);
2c (n = 11; Iowa, Minnesota); 2d (n = 4; Wisconsin); and
2e (n = 81; Iowa, Minnesota; Nebraska, South Dakota in
Central flyway). Twenty-two 2nc viruses were detected in
6 states along the Central (North Dakota, South Dakota)
and Mississippi (Kentucky, Michigan, Minnesota, Wisconsin) flyways.
Both group 1 and 2 viruses were found in wild birds
and gallinaceous poultry (Figure 2; online Technical Appendix Figure 3). Wild birds infected with group 2 viruses
were only infected with subgroup 2nc viruses. Group 1 viruses were recovered from all host types represented (28
wild birds, 5 raptors, 11 backyard poultry, 14 commercial
poultry [1 chicken, 13 turkeys]). Subgroups 2c and 2d were
found only in turkeys and had limited geographic spread.
The remaining subgroups affected several hosts. Subgroup
2nc viruses were isolated from 6 wild birds, 13 commercial
turkey sites, and 3 commercial chicken sites. Subgroup 2a
was found in 2 backyard sites, 36 commercial turkey sites,

Figure 1. Time series of reassortant highly pathogenic avian influenza virus A(H5N2) distribution, by US state and Canada province,
December 2014–June 2015. Virus region and host are indicated. BC, British Columbia, Canada; ON, Ontario, Canada.
1842

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

Transmission Dynamics of HPAIV H5Nx, North America

Figure 2. Genetic characterization of reassortant highly pathogenic avian influenza virus A(H5N2) clade 2.3.4.4, North America,
2014–2015. A) Maximum-likelihood phylogeny of concatenated complete genome sequences. Labels indicate genetic subgroups.
Scale bar indicates nucleotide substitutions per site. The full version of the phylogenic tree is available in online Technical Appendix
Figure 2 (https://wwwnc.cdc.gov/EID/article/24/10/17-1891-Techapp1.pdf). B) Median-joining phylogenetic network constructed by using
concatenated complete genome sequences. This network includes the most parsimonious trees linking the sequences. Each unique
sequence is represented by a circle sized relative to its frequency in the dataset. Virus region and host are indicated. *US index H5N2
virus (A/Northern_pintail/Washington/40964/2014).
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018
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and 1 commercial chicken site. Subgroup 2b predominantly affected commercial turkey sites (n = 32) and 3 commercial chicken flocks; subgroup 2e was recovered from
2 backyard, 36 commercial turkey, and 42 commercial
chicken sites and 1 game bird flock. Genetic clustering of

subgroups 2a, 2b, and 2e in maximum-likelihood analysis
and the close genetic relatedness of Midwest poultry isolates in network analysis provide strong evidence for extensive interfarm transmission (Figure 2; online Technical
Appendix Figure 2).

Figure 3. Phylogeographic reconstruction of source–sink dynamics of highly pathogenic avian influenza virus A(H5N2) outbreak, United
States, 2014–2015. A) Phylogenetic tree of hemagglutinin gene of H5N2 isolates. The geographic region and host type were defined
in the model as discrete nominal character states, and the number of state transitions at tree nodes was counted. The character states
included in the phylogenetic model (Midwest chicken, Midwest turkey, Midwest wild bird, Pacific chicken, Pacific turkey, and Pacific wild
bird) are indicated. Black nodes and branches represent an ancestral reconstruction that is highly uncertain, sharing equal probability
between Pacific wild bird and Pacific turkey. The shaded boxes represent the time between the introduction of the virus into Midwest
poultry populations and the first detection of the virus within the population. B) Heat map showing source–sink dynamics and average
number of transitions per location per year (0–4.0).
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Our phylogenetic analysis suggests that the outbreak
in the Midwest was initiated through multiple independent
HPAIV H5N2 introductions with group 1 viruses of wild
bird origin (Figures 2, 3). To formally test the role of various
host populations and elucidate the most likely route for viral
spread in the United States, we integrated host type (wild
birds, domestic chickens and turkeys, backyard poultry) into
our geographic model. Our source–sink and phylogenetic
network analyses suggest that the virus detected in the Midwest shares a common ancestor with the viruses detected in
the Pacific flyway 1.7–2.4 months before the first detection
in Midwest poultry facilities (Figure 3; online Technical Appendix Figure 5). Undetected infected hosts also could have
migrated from the Pacific Coast through the Midwest, depositing infectious material on the US landscape, leading to the
outbreaks in Midwest poultry populations. The virus subsequently rapidly transmitted between commercial turkey and
chicken farms. The rapid rate of transmission suggests that
underlying epidemiologic factors were driving the spread
within and between farm systems.
Bayesian simulation results showed that turkey farms
and chicken farms were equally supported as the source
of infection of domestic flocks after establishment of the
virus in Midwest US farms (Table). Although the discrete
state transition rate from chicken farms to turkey farms
was higher, this difference is likely an artifact of the substantially larger flocks found in chicken farms, which predominantly use layer houses. Our analysis showed high
rates of transmission between turkey and chicken farms
in the Midwest, probably confounding control efforts and
contributing to the overall extent of the outbreak (Figure
3, panel B). No support exists for viral spread from Midwest wild birds to Midwest commercial farms, suggesting
that this epidemiologic pathway likely did not play a role in
the spread of the outbreak after the initial introduction into
the Midwest (Table), which has further been supported by
epidemiologic investigations (29). In addition, a transition
from Midwest turkey to wild birds is supported by a high
Bayes factor (4798.91) and posterior probability (0.999),
suggesting HPAIV spillback from domestic poultry to wild
birds at a low transition rate (Table).
We identified 14 common substitutions across the entire genome of HPAIV H5N2 when comparing with US
index virus A/northern pintail/WA/40964/2014 (H5N2).
These substitutions include 10 nonsynonymous substitutions in group 1 and 2 viruses (L386V and V649I in polymerase basic 2; L8F, N130T, and S157P in HA; R253K,
E368K, and V412A in neuraminidase; Q78R in matrix 2;
I176T in nonstructural protein 1) and 4 nonsynonymous
substitutions in group 2 viruses (R215K in polymerase basic 1, A337V in polymerase acidic, N60H in nuclear export
protein, K217T in nonstructural protein 1) (online Technical Appendix Table 3).

Discussion
Phylogenetic reconstruction of source–sink dynamics
supports multiple independent introductions of HPAIV
H5N8 into the United States during late 2014 from wild
birds. Despite the frequent detection of HPAIV H5 in
wild birds of the Pacific flyway up to February 2015 (30),
only 2 commercial poultry and 1 backyard farm flocks
became infected with HPAIV H5N8 and 7 backyard poultry flocks with HPAIV H5N2 in states along the Pacific
flyway. No HPAIV H5N2 infections were found at commercial poultry sites in states along the Pacific flyway
(31). In contrast with infrequent events in states along
the Pacific flyway, 213 H5N2 events in commercial and
backyard poultry were reported during March–June 2015
in the Midwest. Our analysis demonstrates extensive interfarm transmission of virus subgroups 2a, 2b, and 2e
but not of group 1 viruses, which could also infect wild
birds, suggesting a change in the epidemiologic processes
driving viral spread. Although a national level–structured
surveillance effort was not initiated until July 2015 (19),
H5N2 detections were far less frequent in the Midwest
than in the Pacific flyway, suggesting few H5N2-infected
wild waterfowl were in the Central and Mississippi flyways during the outbreak period (32,33). Nonetheless, detection of H5N2 viruses from wild birds in the Midwest in
early 2015 and our phylogenetic analysis suggest that the
HPAIV H5N2 moved from the Pacific flyway to the Mississippi and Central flyways as early as January or February 2015, with subsequent interfarm transmission in and
between states of the Midwest.
When performing the source–sink phylogenetic
analysis, we made assumptions regarding sampling and
population structure, which should be considered when
interpreting results. For instance, sampling in this analysis is most likely biased toward commercial poultry because of the nature of HPAIV reporting. Oversampling
of a specific population might lead to overestimation of
that group as a sink to viral migration (34); however, a
secondary simulation in which viral host characteristics
were continuously randomized to observe the influence
of sampling heterogeneity (35) revealed that sampling
does not appear to bias the ancestral reconstruction in
this data. Also, in the model, we included the complete
random population mixing assumption, even though a
structured coalescent approach might have helped limit
bias introduced from ecologic barriers that structure wild
and domestic bird populations; many of the HPAIV sequences from poultry hosts used in our study represented
a single farm. No data were available regarding the size
of farms, number of animals infected on those farms,
or number of farms affected, all of which might further
bias spatial diffusion parameter estimates in a structured
coalescent analysis.
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Table. Well-supported discrete trait viral transitions among chicken, turkey, and wild bird populations during highly pathogenic avian
influenza virus H5 outbreak, Midwest and Pacific regions, USA, 2014–2015*
Transition from
Transition to
Bayes factor
Posterior probability
Mean transition rate
Midwest chicken
Midwest turkey
38,421.1688
1.0
5.0917
Midwest turkey
Midwest chicken
38,421.1688
1.0
1.8376
Midwest turkey
Midwest wild bird
4,798.9103
0.9991
0.8344
Pacific wild bird
Pacific chicken
464.3334
0.9909
0.8478
Pacific wild bird
Midwest turkey
227.2091
0.9816
0.8557
Pacific wild bird
Pacific turkey
201.2141
0.9792
0.5687
*Only the migrations supported by a Bayes factor >4 and posterior probability >0.5 are indicated.

The hypothesis that HPAIV H5N2 was introduced into
the Midwest through wild birds rather than poultry production channels is supported by epidemiologic evidence; during February 27–April 20, 2015, H5N2 virus was detected
17 times across 5 states and 16 counties in different hosts
(wild bird, raptor, backyard flocks, turkey flocks), and epidemiologic links could not be found between Pacific Coast
and Midwest farms for any virus subgroup. The widespread detection of the HPAIV H5 lineage in healthy wild
birds (30), subclinical infection with high virus shedding,
and transmission among mallard ducks experimentally infected with HPAIV H5N2 (36) support the hypothesis of
HPAIV H5 dissemination to multiple states through wild
waterfowl over a short period during wild aquatic bird migrations. For the outbreak in the Midwest (February–June
2015), events (infections with viruses of groups 1 and 2nc)
detected early during the outbreak (February–April 2015)
probably represent independent introductions, followed
by limited secondary spread, and events (infections with
viruses of subgroups 2a–e) detected later during the outbreak (April–June 2015) were largely caused by extensive
interfarm transmission. Previous estimates of basic reproductive number and viral migration among host types in
domestic and wild birds support our findings that HPAIV
H5N2 rapidly spread between poultry facilities in the Midwest after the initial introduction of a virus of wild bird
origin (37). Grear et al. showed that the H5N2 and H5N8
HPAIV outbreak did not encounter sufficient transmission
barriers to prevent persistence when introduced to wild or
domestic birds (37). Consistent with our data, Grear et al.
concluded that once the HPAIV H5N2 entered the poultry
production system in the Midwest, transmission was driven
through poultry production–related mechanisms (37). That
conclusion was based on evidence of a close phylogenetic
distance among sequences from poultry facilities, relatively
infrequent cross-species transmission, and a high estimated
proportion of virus diversity in addition to the lack of detection of this lineage in reservoir hosts when using other
surveillance data. Our Bayesian simulation also supports
the high probability of 2-way transmission between poultry
and wild bird populations.
The epidemiology of the HPAIV H5 detections and
pathobiologic features suggest that the early H5N8 and
H5N2 group 1 viruses detected in the United States were
1846

highly adapted to waterfowl and poorly adapted to chickens and turkeys (36,38–40). Index wild bird viruses [A/
gyrfalcon/Washington/40188–6/2014 (H5N8), A/northern
pintail/Washington/40964/2014 (H5N2)] required a high
mean bird infectious dose of 50% (BID50; 105.7 EID50) to
infect chickens; directly inoculated and in-contact exposed
survivors did not seroconvert (38). Increased virus adaptation to chickens and turkeys, specifically poultry, was observed among the H5N2 group 2 viruses and not the H5N2
group 1 viruses (39,40). In chickens, the BID50 of H5N2
group 2 viruses for poultry (103.2–3.6 EID50) was lower than
that of group 1 viruses for poultry (105.1 EID50) and index
wild birds (105.7 EID50).
Examination of mutational frequencies and patterns
showed common mutations among H5N2 subgroup 2a–e
viruses fixed in the population during circulation in poultry.
In particular, substitutions in the nucleoprotein amino acid
105 (M105V, M105I) were identified among H5N2 group
2 viruses from the United States and a virus isolate from a
chicken in British Columbia (11) and has been suggested as
a determinant for virus adaptation from ducks to chickens
(41). Consistent with our previous study (39), we identified
common substitutions (R215K polymerase basic 1, A337V
polymerase acidic, N60H nuclear export protein, K217T
nonstructural protein 1) in H5N2 group 2 viruses that increased infectivity and pathogenicity in chickens in comparison with group 1 viruses. In addition, we found substitution S157P at an antigenic site of the HA protein, which
might affect the immunogenicity profile of the virus (42).
In summary, we analyzed the transmission dynamics
of Asia-origin HPAIV H5 in the United States. The H5N8
virus came from East Asia, entered North America during the fall 2014 migration season (7), and spread rapidly
along the wild bird flyways in the United States starting
in December 2014. In the Pacific flyway, Eurasia H5N8
virus circulated in wild birds and disseminated to backyard
and commercial poultry farms largely by point-source introductions; a single detection occurred in a backyard flock
in Indiana outside the Pacific states. Furthermore, influenza
A genome segments of the Eurasia H5N8 virus mixed with
segments of the North America low pathogenicity avian influenza viruses, creating new reassortant HPAIVs H5N1,
H5N2, and H5N8. For the reassortant H5N2 virus in the
Midwest, our results strongly support introduction from the
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Pacific flyway early in 2015, with >3 initial independent
introductions and late events involving extensive secondary spread between poultry farms. These H5N8 and H5N2
viruses cause substantial illness and death in poultry but
have, thus far, not been implicated in human infection.
Mammalian studies in mice and ferrets suggest low public
health risk (43,44).
During 2016–2017, HPAIV H5N8 clade 2.3.4.4
group B (Gochang-like) reemerged and caused outbreaks
in wild birds and domestic poultry across Europe, Asia,
and Africa (45,46). Enhanced biosecurity is required to
prevent the introduction and dissemination of HPAIVs
across the poultry industry; the role that human activity can play in viral spread via fomites should not be
underestimated. Continued surveillance, virus characterization, and infectivity studies remain invaluable to
monitoring the spread and evolution of these H5 viruses;
such efforts could further the design of improved prevention strategies. Additional research is needed to decipher the potential mechanisms of virus introduction into
poultry systems.
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Hemagglutinin [he′mə-gloo′tĭ-nin]
and Neuraminidase [noor′ə-min′ĭ-dās]
Ronnie Henry

I

n 1941, virologist George K. Hirst discovered
that adding influenza virus to red blood cells
(erythrocytes) in a test tube caused the cells to
agglutinate, mediated by one of the virus surface glycoproteins, hemagglutinin (from the
Greek haima, “blood,” + Latin gluten, “glue”).
Alfred Gottschalk later showed that hemagglutinin binds virus to host cells by attaching to
sialic acids (from the Greek sialon, “saliva”)
on carbohydrate side chains of cell-surface glycoproteins and glycolipids. The other influenza
virus surface protein, neuraminidase (referring
to brain lipids from which it was first derived),
is a virus receptor-destroying enzyme that removes its substrate, sialic acids, from infected
cell surfaces so that newly made progeny viruses are released to infect additional cells. At
present, 18 hemagglutinin subtypes (H1–H18)
and 11 neuraminidase subtypes (N1–N11)
are recognized.

Figure. Image of influenza virus showing hemagglutinin
(blue) and neuraminidase (red) proteins on the
surface of the virus. Content source: Centers for
Disease Control and Prevention, National Center for
Immunization and Respiratory Diseases (NCIRD).
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Zika Virus Infection during
Pregnancy and Effects on Early
Childhood Development,
French Polynesia, 2013–2016
Lorenzo Subissi, Timothée Dub, Marianne Besnard, Teheipuaura Mariteragi-Helle,
Tuxuan Nhan, Delphine Lutringer-Magnin, Philippe Barboza, Céline Gurry,
Pauline Brindel, Eric J. Nilles, David Baud, Angela Merianos, Didier Musso,
Judith R. Glynn, Gilles Dupuis, Van-Mai Cao-Lormeau,1 Marine Giard,1 Henri-Pierre Mallet1

Congenital Zika virus syndrome consists of a large spectrum
of neurologic abnormalities seen in infants infected with Zika
virus in utero. However, little is known about the effects of Zika
virus intrauterine infection on the neurocognitive development
of children born without birth defects. Using a case-control
study design, we investigated the temporal association of
a cluster of congenital defects with Zika virus infection. In a
nested study, we also assessed the early childhood development of children recruited in the initial study as controls who
were born without known birth defects,. We found evidence for
an association of congenital defects with both maternal Zika
virus seropositivity (time of infection unknown) and symptomatic Zika virus infection during pregnancy. Although the early
childhood development assessment found no excess burden
of developmental delay associated with maternal Zika virus infection, larger, longer-term studies are needed.

Z

ika virus is a mosquito-vectored flavivirus first isolated
in 1947 in the Zika forest in Uganda (1). For the next 60
years, Zika virus was considered to cause sporadic and mild
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infection in humans (2). In 2007, Zika virus emerged in the
Western Pacific island of Yap, Federated States of Micronesia (3). In 2013, Zika virus emerged in French Polynesia,
causing a large outbreak (>30,000 clinical cases estimated
during October 2013–April 2014) before spreading rapidly
to other Pacific Islands (4–6). Zika virus emerged in Brazil
in 2015 and spread to most of the Americas in 2016 (7).
Like some other members of the family Flaviviridae,
such as West Nile virus and Japanese encephalitis virus,
Zika virus is neurotropic (8). The link between Zika virus
and neurologic disorders such as Guillain-Barré syndrome
in adults and microcephaly in newborns is now established
(9–15). Of 84 countries or territories with active autochthonous transmission of Zika virus (as of March 2017), 23
have reported an increase in incidence of Guillain-Barré
syndrome, and 31 have reported patients with microcephaly, central nervous system (CNS) malformations, or both
potentially associated with Zika virus infection (16). After
the French Polynesia Zika virus outbreak, health authorities reported an unusual increase in microcephaly and other
rare CNS abnormalities of unknown etiology, including
corpus callosum or septal agenesis, spina bifida, and brainstem dysfunction (17).
Zika virus may be associated with multiple congenital
abnormalities (18–20). The malformations and dysfunctions caused by Zika virus infection during pregnancy
are known as congenital Zika syndrome (CZS), but the
anatomic, functional, and neurocognitive impairments associated with in utero Zika virus infection have not been
precisely defined (21). Characterizing the factors contributing to neurocognitive deficits in children born to mothers infected with Zika virus during pregnancy but without
overt anatomic malformations, and quantifying the risk of
neurocognitive dysfunction, may have major, substantive
clinical and public health implications.
1
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We report 2 linked studies conducted in French Polynesia: a retrospective case-control study to determine
whether the unusual cluster of CNS congenital defects during and after the Zika virus outbreak in French Polynesia
was associated with maternal Zika virus infection, and a
cross-sectional study to identify neurocognitive deficits in
young children without known birth defects born to mothers who were pregnant during the outbreak. Both studies
were powered on the case-control study.
Methods
Study Design and Population
Case-Control Study

The case-patient definition was any fetus or neonate with a
CNS congenital defect of unexplained etiology and a maternal gestational period that overlapped the extended Zika
virus circulation period (June 1, 2013–August 31, 2014) by
>1 weeks (17). Unexplained etiology meant that most commonly suspected etiologies (toxoplasmosis, other, rubella,
cytomegalovirus, and herpes [TORCH] infections and genetics) were excluded. We identified cases and controls
among fetuses and newborns from the Centre Hospitalier de
Polynésie Française in Pirae, French Polynesia, where 60%
of all deliveries in this country occur. We identified eligible
fetuses from pregnancy terminations using the medical records of the prenatal diagnosis center and eligible newborns
from a previously reported case series of congenital cerebral
malformations and dysfunctions (17) and from the in-hospital discharge records of the neonatology ward and the neonatal intensive care unit. We matched each case-patient to 5
controls by age of the mother at pregnancy (±5 y) and date
of conception (date of mother’s last prepregnancy menstrual
period ±14 d). We selected the controls randomly from hospital birth records. For logistical reasons, only women residing in Tahiti or Moorea, the 2 most populated and accessible
islands, were invited to participate as controls.
Cross-Sectional Study

Because a rate of ≈50% Zika virus seropositive mothers was expected in the control group of the case-control
study, an additional cross-sectional study was designed
to assess whether Zika virus infection in the mother was
associated with delayed or abnormal early childhood development (ECD) in the child. Two nurses were trained to
conduct anthropometric and neurocognitive testing. ECD
was then compared between children with seropositive or
seronegative mothers.
Data Collection

During January–August 2016, mothers of case-patients and
controls completed a face-to-face questionnaire on social

and economic characteristics, clinical data, and environmental factors, including exposure to chemicals (alcohol,
tobacco, drugs, or deltamethrin pesticide spraying) during
pregnancy. We retrieved information on seroconversion
for Toxoplasma gondii and rubella virus during pregnancy
from medical files; information on cytomegalovirus (CMV)
seroconversion was available for case-patients only. We
assessed exposure to deltamethrin by spatiotemporally
linking outdoor spraying by the vector control teams with
the mother’s residence address during pregnancy. We stratified maternal socioeconomic status as low, medium, or
high, adapting from the 4-factor Hollingshead scale (22).
Gestational age was estimated by each mother’s primary
obstetrician, using last menstrual period and first-trimester
ultrasound measurements for each mother.
Laboratory Testing

We detected anti–Zika virus and anti–dengue virus
(DENV) neutralizing antibodies in serum from mothers of
the case-patients and the controls by using seroneutralization tests, as previously described (9,23). We incubated serial 2-fold dilutions (from 1:10 to 1:1,280) of each serum
sample, previously heat inactivated, for 1 h with strains of
Zika virus, DENV-1, DENV-2, DENV-3, or DENV-4. We
then inoculated the serum–virus mixtures onto Vero cells
and incubated then for 5–7 d. We used ELISA to show the
presence of nonneutralized replicative virus in inoculated
cells; the reciprocal serum dilution corresponding to the
last well showing neutralization activity was the 50% neutralization antibody titer for that serum sample (23,24). We
determined Zika virus infection in mothers by detection
of anti–Zika virus neutralizing antibodies (NAb) in serum
collected 20–35 months after the expected beginning date
of pregnancy. We defined mothers for whom the anti–Zika
virus NAb titer was >20 as seropositive and those with a
titer <20 as seronegative.
Assessment of Physical and Developmental
Status of Children

We used 4 anthropometric indicators for children’s developmental status: weight for age, height for age, weight for
height, and head circumference for age. We calculated Z
scores (number of SDs of a value above or below the mean)
using WHO Anthro software (25). We calculated birth anthropometric indicators (Z scores for weight, height, and
head circumference) using INTERGROWTH-21st project
software (26). We used the French version of the Child
Development Assessment Scale, kindly provided by the
Centre for Liaison on Intervention and Prevention in the
Psychosocial Area, Canada (http://www.ged-cdas.ca), to
assess ECD. The Child Development Assessment Scale,
which is available in French and is well correlated with
the Bayley scale 3rd edition (27), consists of questions and
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observations adapted to children 0–5 years of age and has
been validated for use by nonspecialized health or education professionals (Vézina N. Elaboration and validation of
the Child Development Assessment Scale, 0–5 years [thesis]. Québec City (QC, Canada): Université du Québec;
2005). The scale is divided into 3 domains: socioemotional;
cognitive, including language; and motor. In each domain,
children are classified as adequate (no development issues),
question (development to be monitored), or problem (specialized pediatric testing required).

assuming 50% of controls (28) and >90% of cases (9) were
seropositive for Zika virus. The case-control study protocol
was approved by the French Polynesia Ethics Committee
on February 2, 2016.
Cross-Sectional Study

We used 2 measures of exposure: maternal Zika virus seropositivity, a binary variable (yes/no) based on serology
results; and reported Zika virus infection, a categorical
variable, which used information reported by the mothers
(Zika-like illness during or outside pregnancy), associated with serology results, and divided into symptomatic
infection during pregnancy; asymptomatic infection, timing unknown; and no infection (seronegative mothers) and
symptomatic infection when not pregnant. Zika-like illness
corresponded to a clinical diagnosis of Zika virus disease
or a recalled infectious episode characterized by rash, fever, or both associated with >2 of the following symptoms:
conjunctivitis, arthralgia, myalgia, or limb edema.

The main outcome was a binary variable derived from the
results of the Child Development Assessment Scale (no abnormal development vs. abnormal development). We performed a multivariate logistic regression analysis to assess
the associations of ECD with maternal Zika virus seropositivity and reported Zika virus infection. We used the same
method as described in the preceding section, with breastfeeding as an additional risk factor/confounder. We performed statistical analyses using Stata version 13.0 (StataCorp LLC, College Station, TX, USA). For the comparison
between the French-speaking Canadian children (n = 269)
and the sample of our cross-sectional study (n = 107), we
had a power of 80% to detect an effect size d = 0.32 at α =
0.05. The observed effect size (Cohen d) for the cognitive
domain is 0.31, and 0.2 for the motor dimension. For the
affective dimension, the effect size (φ coefficient) is 0.03.
The cross-sectional study on ECD among controls was
approved on June 3, 2016. We obtained written informed
consent from all mothers.

Case-Control Study

Results

Exposures, Outcomes, and Statistical Analysis

We performed a conditional logistic regression analysis to
assess whether CNS congenital defect was associated with
the 2 measures of exposure: maternal Zika virus seropositivity and reported Zika virus infection. We conducted a
univariate analysis using all identified potential maternal
risk factors and confounders (reported chikungunya infection, use of medical or recreational drugs, exposure to
deltamethrin during pregnancy, age, socioeconomic status,
history of miscarriage and/or termination of pregnancy), as
well as parity and history of congenital defects in the family. Variables at p<0.2 in the univariate analysis were further tested by multivariate conditional logistic regression
and were retained in the final model if p<0.1. When data
sparsity did not allow adjustment for more variables, we
retained only those at p<0.05; we grouped maternal middle and high socioeconomic status categories together and
compared them with low socioeconomic status. We used
a Wilcoxon signed-rank test to compare means between
cases and controls and Pearson χ2 test to compare categorical variables. We estimated the association between CNS
congenital defects and maternal Zika virus infection by
matched crude and adjusted odds ratios (ORs) with 95%
CIs. We maximized the study power for the case-control
study, for which we aimed to include all eligible cases (n =
25), and we chose a control–case ratio of 5:1 to have 98.5%
power to detect a bilateral (α = 5%) significant difference,
1852

Case-Control Study

We identified 26 case-patients; 1 case-patient was later
found to have a congenital defect with genetic etiology and
thus was no longer eligible and was excluded from the analysis, along with the related 5 controls. The mother of 1 child
with microcephaly, already described by Besnard et al. (17),
as well as the mothers of 2 newborns retrospectively identified with other CNS abnormalities, declined to participate
in the study. Another child’s mother was lost to follow-up
(Figure 1). Thus, a total of 21 case-patients (84% of those
invited) and 102 controls (94%) were enrolled in the casecontrol study.
We recruited 5 controls per case-patient for all but 2
case-patients; because of the tight matching and the lack of
suitable controls, 1 case-patient had 4 matched controls and
1 case-patient had 3. All controls and 17 case-patients were
from Tahiti or Moorea (Figure 2).
Of the 21 case-patients, 7 had microcephaly, 5 had
brainstem dysfunction of the neonate characterized by an
inability to suck and swallow, and 9 had other CNS congenital defects (Table 1). Moreover, 6 had ventriculomegaly and 3 had arthrogryposis. Several case-patients had >1
CNS abnormality. For 10 case-patients, pregnancy resulted
in termination; of the remaining 11 newborns, 7 were still
alive as of July 2017 (Table 1). Seven of the 11 newborns
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Figure 1. Flowchart for the
recruitment of eligible cases
for study of Zika virus infection
during pregnancy and effects on
early childhood development,
French Polynesia, 2013–2016.

had complete imaging, ophthalmoscopy, evoked otoacoustic emissions, and neuroclinical follow-up.
Maternal toxoplasma serology was positive for 48%
(10/21) of the case-patients and 60% (61/102) of the controls; seroconversion occurred during pregnancy for 1 control. Rubella serology was positive for 81% (17/21) of the
case-patients and 94% (96/102) of the controls; no seroconversion occurred in any group. We performed maternal
CMV serologic testing for 86% (18/21) of the case-patients:
2 were positive without signs of recent seroconversion, but
further testing for CMV in amniotic fluid was negative (17).
All study participants were seronegative for Treponema

pallidum. The mother of 1 case-patient was known to be
seropositive for HIV before the start of the pregnancy.
The gestational periods of fetuses and infants enrolled
in the study started during June 2013–August 2014, and the
infants were born during February 2014–May 2015. Median maternal age at conception was 27 years for case-patients and 28 years for controls. Case-patients and controls
did not differ significantly in terms of fetal gender, ethnicity, and maternal socioeconomic status. Excluding the cases
that ended in termination of pregnancy, gestational age at
birth did not differ significantly between case-patients and
controls (Table 2).
Figure 2. Geographic distribution
of eligible cases for study of
Zika virus infection during
pregnancy and effects on early
childhood development, French
Polynesia, 2013–2016. Black
text indicates islands with >1
case (number of cases from
each island is in parentheses);
gray text indicates names of
archipelagoes. Inset shows the
location of French Polynesia in
the Pacific Ocean. Data source:
GADM version 2.8 (https://
gadm.org/download_country_
v2.html). Map production: World
Health Organization Health
Emergencies Programme.
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Table 1. Main and secondary diagnoses for 21 case-patients recruited in case-control study of Zika virus infection during pregnancy
and effects on early childhood development, French Polynesia, 2013–2016
Pregnancy
Child alive,*
Diagnoses
No. (%)
termination
Live births
n=7
Main diagnoses
Microcephaly
7 (33)
4
3
1
Brainstem dysfunction of the neonate
5 (24)
0
5
3
Other CNS congenital defects
9 (43)
6
3
3
Septal and/or corpus callosum agenesis
3 (14)
1
2
2
Intraventricular hemorrhage
1 (5)
0
1
1
Cerebral hemorrhage and placental calcifications
1 (5)
1
1
0
Polymalformative syndrome
2 (10)
2
0
0
Complete or sacral spina bifida
2 (10)
2
0
0
Secondary diagnoses
Ventriculomegaly
6 (29)
4
2
2
Arthrogryposis
3 (14)
3
0
0
*As of July 2017.

Maternal Zika virus seroprevalence was 95% among
case-patients and 76% among controls (p = 0.07). We
classified mothers of 38% of case-patients and 17% of
controls as having had symptomatic Zika virus infection
during pregnancy and mothers of 57% of case-patients
and 60% of controls as having had asymptomatic infection (timing unknown, p = 0.07; Table 3). Of mothers who
reported symptomatic Zika virus infection during pregnancy, for case-patients, 88% (7/8) reported it in the first
trimester and 12% (1/8) in the second trimester, whereas
for controls, 71% (12/17) reported it in the first trimester
and 29% (5/17) in the second or third trimester. Compared
with those with no evidence of Zika virus infection during pregnancy, the matched crude OR for CNS congenital
defects and maternal Zika virus seropositivity was 6.02,
and for CNS congenital defects and symptomatic Zika
virus infection during pregnancy, the matched crude OR
was 6.79. After adjustment for maternal socioeconomic
status, these ORs were 7.07 for the first group (95% CI
0.86–58.3; likelihood ratio test p = 0.02), and 7.19 for the
second (95% CI 1.39–37.2; likelihood ratio test p = 0.04).
Further adjustment for other potential confounders made
no difference to the results. Before and after adjustment
for confounders, asymptomatic Zika virus infection (timing unknown) was not associated with CNS congenital
defects (Table 3).
Cross-Sectional Study of Early
Childhood Development

More than 1.5 years after the end of the Zika virus outbreak,
during June–August 2016, we enrolled 107 children (median age 23 months) in a cross-sectional study and assessed
them using the Childhood Development Assessment Scale.
Of these children, 44 (41%) were girls, 17 (16%) were born
prematurely, and 12 (11%) were classified as having low
birthweight (<2,500 g). Except for 1 low birth length baby,
anthropometry at birth was within reference range; at the
time of evaluation, none of the children was underweight,
had low length for age, had low weight for length, or had
1854

microcephaly (online Technical Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/24/10/17-2079-Techapp1.pdf).
We noted evidence for a difference between mean
scores of the study participants and the reference population
(French-speaking Canadian children) only for the cognitive
domain (p = 0.001) (online Technical Appendix Table 2).
Neurocognitive testing using the Childhood Development
Assessment Scale was normal for 93% of the children in
the socioemotional domain, 64% in the cognitive domain,
and 76% in the motor domain (online Technical Appendix
Tables 3, 4). We found no evidence for a detrimental effect
of maternal Zika virus seropositivity or reported Zika virus infection on ECD in children born without birth defects
(Table 4). The weak univariate association of deltamethrin
exposure during pregnancy with ECD delays was not significant after adjustment for confounders. Low maternal
socioeconomic status (adjusted odds ratio [aOR] 5.28, 95%
CI 1.96–14.2) and not breast-feeding (aOR 4.00, 95% CI
1.06–15.1) were associated with abnormal ECD.
Discussion
We report a case-control study assessing the role of Zika
virus infection in CNS malformations, including, but not
limited to, microcephaly, in newborns and fetuses whose
gestation occurred during the Zika virus outbreak in French
Polynesia during 2013–2014. We also report a populationbased developmental assessment of children born without
birth defects after a Zika virus outbreak.
At the time of the outbreak in French Polynesia, risks
associated with reported Zika virus infection were unknown. Four years later, 1 case-control study from Brazil
provided evidence that Zika virus infection during pregnancy is associated with microcephaly, and a few cohort
studies described Zika virus–associated adverse pregnancy outcomes (11,14,18). Given widespread Zika virus transmission in the Western Hemisphere, clarifying
the full spectrum of CZS is a critical public health priority. We conducted our study as part of the World Health
Organization (WHO) effort in leading a multicountry
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Table 2. Characteristics and comparison of case-patients and controls in study of Zika virus infection during pregnancy and early
childhood development, French Polynesia, 2013–2016*
Characteristics
Mother’s age at pregnancy, median (IQR)
15–24
25–34
>35
Estimated pregnancy start date, median (IQR)
January–September 2013
October 2013–December 2014
January–April 2014
May–August 2014
Maternal socioeconomic status
Low
Middle
High
Child’s birthweight, g
<1,500
1,500–2,500
>2,500
Child’s sex
F
M
Child’s ethnicity
Polynesian
Caucasian
Mixed/other
Pregnancy outcome
Termination of pregnancy
Gestational age at termination of pregnancy, median (IQR)
Live birth
Gestational age at child’s birth, median (IQR)
Term, >37 weeks
Premature, 27–36 weeks
Mother’s past infection with dengue viruses
DENV-1 seropositivity
DENV-2 seropositivity
DENV-3 seropositivity
DENV-4 seropositivity
Other risk factors/confounders
Family history of congenital abnormalities
Drug use during pregnancy‡
Deltamethrin outdoor spraying during pregnancy

Cases, n = 21
26.8 (22.1–35.7)
8 (38)
7 (33)
6 (29)
2013 Dec 11
(2013 Oct 23–2014 May 9)
4 (19)
9 (43)
2 (9)
6 (29)

Controls, n = 102
27.8 (22.2–33.7)
37 (36)
43 (42)
22 (22)
2013 Dec 8
(2013 Oct 16–2014 May 16)
19 (19)
43 (42)
10 (10)
30 (29)

p value†
NA
NA
NA
NA

9 (43)
4 (19)
8 (38)
n = 11
0
3 (27)
8 (73)

34 (34)
31 (31)
36 (36)
n = 100
2 (2)
9 (9)
89 (89)

0.52

10 (48)
11 (52)

42 (41)
60 (59)

0.64

14 (74)
2 (11)
3 (16)

61 (71)
2 (2)
23 (27)

0.56

10 (48)
25.5 (23–29)
11 (52)
39 (36–40)
8 (73)
3 (27)

NA
NA
102 (100)
39 (38–40)
85 (83)
17 (17)

NA
NA
NA
0.23

17 (81)
12 (57)
16 (76)
10 (48)

88 (87)
50 (50)
78 (77)
52 (51)

0.50
0.54
0.99
0.74

6 (29)
9 (45)
10 (48)

24 (25)
34 (33)
50 (51)

0.84
0.23
0.73

*Values are no. (%) except as indicated. IQR, interquartile range; NA, not applicable.
†Likelihood ratio using conditional logistic regression.
‡Cannabis, cocaine, alcohol, or tobacco.

coordinated approach to data sharing, surveillance, and research to establish the spectrum of CNS abnormalities attributable to CZS (29).
We found evidence that maternal Zika virus seropositivity, with or without reported Zika-like illness during
pregnancy, was associated with 7-fold increased odds of
congenital CNS defects. Zika virus seroprevalence in the
control mothers in the study was 76%, higher than the 49%
prevalence detected in the general population of French
Polynesia (28). Such a difference may exist because the
previous Zika virus serosurvey was conducted on a representative subset of the general population, with a median
age of 43 years, involving both female and male participants, whereas our study involved only pregnant women,
with a median age of 28 years.

NA

Several studies have clearly shown unequal rates of
Zika virus infection in men and women, possibly as a
consequence of sexual transmission of Zika virus (30,31).
Pregnant women may be more susceptible to Zika virus
infection than nonpregnant women of the same age because of the immune tolerance induced by the pregnancy to
tolerate paternal antigens (32). All the mothers of fetuses
or children with microcephaly and other CNS congenital
defects were seropositive, whereas 80% (4/5) of the mothers of newborns with brainstem dysfunction were seropositive, compared with 78% (18/23) of their matched controls
(matched crude OR 1.05, 95% CI 0.10–11.4). Although no
association was found, this finding is inconclusive because
the study had little power to perform subgroup analysis
by congenital CNS defect. Excluding microcephaly, only
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Table 3. Crude and adjusted OR for congenital central nervous system abnormalities and maternal Zika virus infection status, French
Polynesia, 2013–2016*
Case-patients,
Controls,
Matched crude OR Matched adjusted OR†
LRT
Exposures
no. (%)
no. (%)
(95% CI)
(95% CI)
p value
Zika virus seropositivity
20 (95)
78 (76)
6.02 (0.77–47.1)
7.07 (0.86–58.3)
0.02
Reported Zika virus infection
No infection during pregnancy‡
1 (5)
24 (24)
1
1
0.04
Asymptomatic (timing unknown)§
12 (57)
61 (60)
2.05 (0.54–7.80)
1.93 (0.47–7.96)
Symptomatic during pregnancy¶
8 (38)
17 (17)
6.79 (1.36–33.8)
7.19 (1.39–37.2)
*LRT, likelihood ratio test; NA, not applicable; OR, odds ratio.
†Adjusted for maternal socioeconomic status.
‡Seronegative mothers and seropositive mothers who reported Zika-like illness outside pregnancy.
§Seropositive mothers who did not report Zika-like illness during or outside pregnancy.
¶Seropositive mothers who reported Zika-like illness during pregnancy.

multicountry studies or meta-analyses can give a clear answer on the causal link between Zika virus and each reported rare CNS congenital defect (33,34).
Within the nested cross-sectional study, we assessed
control children only on anthropometry and ECD. Both eye
and hearing abnormalities have been described in children
with CZS; we were unable to test for such abnormalities
and cannot infer any conclusion about their burden among
children born without diagnosed birth defects in French
Polynesia (35–37).
Our cross-sectional study did not provide evidence
that maternal Zika virus seropositivity or symptomatic Zika
virus infection during pregnancy were associated with unusual developmental delay in children born without birth
defects (Table 4; online Technical Appendix Table 4).

Known risk factors for developmental delay (low maternal socioeconomic status and lack of breast-feeding) were
associated with abnormal childhood development in this
study. This result supports the validity of our findings and
suggests that if reported Zika virus infection was frequently
associated with delayed ECD, we would have likely detected it. However, this study lacked power to detect rare
outcomes or minor developmental differences: only 17
control mothers had clear evidence of Zika virus infection
with symptoms during pregnancy.
The difference in the cognitive development score
in children in French Polynesia compared with children
in Canada (online Technical Appendix Table 2) is likely
to be the result of confounding factors such as socioeconomic status or other population differences; for

Table 4. Crude and adjusted odds ratios for maternal Zika virus infection and other risk factors and early childhood development,
French Polynesia, 2013–2016*
Early childhood development
Adequate in all domains versus question or problem
in >1 domain
Adequate in
Question or
all domains,
problem in >1
Crude OR
Adjusted OR
LRT
Risk factors
no. (%)
domain, no. (%)
(95% CI)
(95% CI)
p value
Zika virus seropositivity, n = 107
No
13 (50)
13 (50)
1
1
0.07
Yes
46 (57)
35 (43)
0.76 (0.31–1.84) 0.35 (0.11–1.13)†
Reported Zika infection, n = 107
No infection during pregnancy‡
19 (56)
15 (44)
1
1
0.19
Asymptomatic, timing unknown§
30 (54)
26 (46)
1.09 (0.47–2.59) 0.51 (0.16–1.58)†
Symptomatic during pregnancy¶
10 (59)
7 (41)
0.89 (0.27–2.88) 0.58 (0.14–2.51)†
Deltamethrin outdoor spraying during pregnancy, n = 104
No
34 (69)
15 (31)
1
1
0.07
Yes
24 (44)
31 (56)
2.92 (1.30–6.57) 2.69 (0.92–7.84)#
Maternal socioeconomic status,** n = 106
Middle and high
47 (66)
24 (34)
1
1
<0.001
Low
11 (31)
24 (69)
4.27 (1.80–10.2) 5.28 (1.96–14.2)††
Breast-feeding,** n = 106
Yes, including artificial feeding
52 (57)
39 (43)
1
1
0.03
No
6 (40)
9 (60)
2.00 (0.66–6.09) 4.00 (1.06–15.1)‡‡
*LRT, likelihood ratio test; OR, odds ratio.
†Adjusted for deltamethrin outdoor spraying during pregnancy, maternal socioeconomic status, breastfeeding, and date of pregnancy start (divided into 4
categories based on risk of exposure to Zika virus; see Table 2).
‡Seronegative mothers and seropositive mothers who reported Zika-like illness outside pregnancy.
§Seropositive mothers who did not report Zika-like illness during or outside pregnancy.
¶Seropositive mothers who reported Zika-like illness during pregnancy.
#Adjusted for ZIKV seropositivity (main exposure), maternal socioeconomic status, breastfeeding, and date of pregnancy start.
**No interaction (test for interaction p = 0.26) and no multicolinearity were detected for maternal socioeconomic status and breastfeeding.
††Adjusted for ZIKV seropositivity (main exposure), deltamethrin outdoor spraying during pregnancy, breastfeeding, and date of pregnancy start.
‡‡Adjusted for ZIKV seropositivity (main exposure), deltamethrin outdoor spraying during pregnancy, maternal socioeconomic status, and date of
pregnancy start.
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example, the cognitive scale include items that may be
influenced by the cultural context. Furthermore, children
in Canada were recruited in Quebec’s public network of
kindergartens, which have programs to stimulate children’s development.
The main limitation of our study is the low number
of cases (n = 21), which makes the study underpowered to
detect a strong association between maternal Zika virus seropositivity and birth defects, as illustrated by the 95% CI
crossing the null value. Another limitation is how the exposure was assessed. We used maternal Zika virus seropositivity as a proxy for Zika virus infection during pregnancy,
but it is probable that some women were infected with Zika
virus outside the gestational period. However, misclassification of mothers, which is likely to be nondifferential assuming they were infected during pregnancy when, in fact,
they were infected outside the gestational period, would
weaken any association between fetal CNS abnormalities
and Zika virus seroconversion. We adjusted for the rapid
variations in exposure over a short time by matching controls to cases by date of conception.
Our second measure of exposure, reported Zika virus infection, includes a rough estimate of time of infection (outside or during pregnancy), based on serology data
combined with recalled information. This measure may be
susceptible to recall bias, because mothers of case-patients
are more likely to recall Zika-like illness during pregnancy.
However, serology data were compatible with recalled information for both cases and controls (only 1 of 26 mothers who reported Zika-like illness during pregnancy was
seronegative). Because of the geographic spread of French
Polynesia and the lack of funding, controls could not be
residents of any island other than Tahiti or Moorea, which
contain >70% of the overall population. We also excluded
private hospitals, where 40% of deliveries occur. Therefore, it is likely that socioeconomic status confounded the
associations, which is why we adjusted for maternal socioeconomic status in the analysis.
Our study confirms the association between maternal
Zika virus infection and CNS congenital defects. Among
children with no known congenital defects, we found no
evidence that congenital Zika virus infection had a major negative effect on the early stages of childhood development. Because the first large Zika virus outbreak
occurred in French Polynesia about 2 years before the
Zika outbreaks in Latin America, children exposed to
Zika in utero in French Polynesia are now older than
those in other countries, but it may still be early to detect
subtle developmental delays. Although our data are encouraging, systematic in-depth assessment of childhood
development in larger cohorts of exposed children, and
at older ages, is needed to detect potential developmental and learning delays.
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Evaluation of Effectiveness of a
Community-Based Intervention for
Control of Dengue Virus Vector,
Ouagadougou, Burkina Faso
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Roch K. Dabiré, Diane Saré, Florence Fournet, Valéry Ridde

We evaluated the effectiveness of a community-based intervention for dengue vector control in Ouagadougou, the capital city of Burkina Faso. Households in the intervention (n
= 287) and control (n = 289) neighborhoods were randomly
sampled and the outcomes collected before the intervention
(October 2015) and after the intervention (October 2016).
The intervention reduced residents’ exposure to dengue vector bites (vector saliva biomarker difference –0.08 [95% CI
–0.11 to –0.04]). The pupae index declined in the intervention neighborhood (from 162.14 to 99.03) and increased in
the control neighborhood (from 218.72 to 255.67). Residents
in the intervention neighborhood were less likely to associate dengue with malaria (risk ratio 0.70 [95% CI 0.58–0.84])
and had increased knowledge about dengue symptoms (risk
ratio 1.44 [95% CI 1.22–1.69]). Our study showed that wellplanned, evidence/community-based interventions that control exposure to dengue vectors are feasible and effective in
urban settings in Africa that have limited resources.

S

ince 2010, dengue outbreaks have been detected repeatedly in several countries in sub-Saharan Africa
(1–4). The resurgence of dengue outbreaks in the region
might be explained by factors such as urbanization, globalization, lack of effective mosquito control, and climate
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change (5,6). Dengue virus (DENV) belongs to the Flaviviridae family and has 4 serotypes (DENV-1 to DENV4) (7) that cause human disease through transmission by
infected female mosquitoes, mainly Aedes mosquitoes.
These mosquitoes have fully adapted to urban settings,
where crowded human populations live in close proximity
to large mosquito populations (8). Although DENV-2 has
been reported most frequently, all 4 DENV serotypes are
circulating in Africa (9). Ae. aegypti was found to be the
main species in urban settings (10). Future climate projections indicate considerable potential for shifting establishment of Ae. aegypti mosquitoes in all regions of the world
and especially in Africa (11). However, dengue continues
to be a neglected disease in this region, often eclipsed by
the substantial burden of malaria (12). Dengue infection is
usually not included among the differential diagnoses of
acute febrile illness (13).
The World Health Organization (WHO) has stated that effective vector control measures are critical to
achieving and sustaining reduction of disease attributable
to dengue (14). Common dengue vector control measures,
which are typically community-driven in tandem with
health promotion campaigns, include use of insecticidetreated materials (15) or water storage tanks (16) and
elimination of breeding sites or use of larvicides (17). The
environment can be modified to deprive mosquito vectors
of favorable breeding sites. A growing body of evidence
indicates that changes in these conditions have led to alterations in the prevalence, spread, geographic range, and
control of many infections transmitted by these vectors
(14). Many community-level interventions have been
conducted in Asia and Latin America (18); overall, the
results suggest that these interventions led to a reduction
of vector densities. However, we did not find any reports
about community-based interventions (CBIs) aimed at
controlling the dengue vector in Africa, nor did Bowman
et al. (18) in a recent systematic review.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

1859

RESEARCH

Our study describes an evaluation of the effectiveness of a CBI for dengue vector control in a neighborhood of Ouagadougou, the capital city of Burkina Faso
(19). We chose this city because dengue outbreaks were
detected in Ouagadougou in 2013 (12). DENV-2 has
been endemic for more than 30 years in the country, and
3 serotypes (DENV-1, DENV-2, and DENV-3) have
been identified (12,20,21), leading to the occurrence
of more severe cases often not captured by the relatively weak surveillance system, which has resulted in
underreporting (22) and a lack of national coordinate response activities.
Population and Methods
Study Site and Participants

The study was conducted in 2 comparable neighborhoods
of Ouagadougou, Tampouy and Juvenat, selected from a
total of 5 areas in the city (online Technical Appendix Figure 1, https://wwwnc.cdc.gov/EID/article/24/10/18-0069Techapp1.pdf). Both neighborhoods’ socioeconomic
profiles are highly diverse (23) and include wealthy households in modern concrete individual houses with running
water and electricity, households with a modest standard of
living, and poor people living in fairly small houses in the
same compound, sometimes without basic amenities. We
defined a household as a person or a group of persons with
the same head of household, living in a housing unit, who
provide themselves with food or other essentials for living;
in Burkina Faso, 1, 2, or more households living in different
housing units sometimes share the same compound.
Tampouy (Figure 1), located in the northwest of
Ouagadougou, was randomly chosen to receive the intervention, whereas Juvenat, on the east side of the city,
was selected as the control neighborhood. In 2015, we
estimated that 4,264 households were located within
a 1-km radius around the primary healthcare center in
Tampouy. In the similarly delimited area in the control
neighborhood of Juvenat, we identified 3,294 households. We chose a 1-km radius to reduce the probability
of contamination between the control and intervention
areas while also having a sufficient number of households for the study. The number of households in the
area were estimated by using data from Burkina Faso’s
National Institute of Statistics and Demography and data
collected through very high spatial resolution satellite
imagery, which also enabled the distinction of dwellings from other types of buildings. To measure the study
outcomes, we used the geographic coordinates of households to randomly sample without replacement 287
households in Tampouy and 289 households in Juvenat.
In this study, we considered a compound as a delimited
living space where >1 household was found.
1860

Intervention Design

The CBI occurred during June–early October 2016.
Because this period is the rainy season, it is also the peak
dengue transmission period (24).
We used an ecohealth intervention approach that consists of a pesticide-free dengue vector control (25). The theoretical approach to creating the communication materials
is described in online Technical Appendix Figure 2. The intervention neighborhood received a behavior change intervention structured around 3 components (online Technical
Appendix Table 1). The intervention design is based on selected effective CBIs in controlling dengue vector (25–28)
through a participatory process with community leaders.
Selected community members, leaders, and a community
theatrical troupe received training on dengue prevention.
These community members then organized community activities and served as educators.
Key messages addressed WHO recommendations for
identifying Ae. aegypti mosquito breeding sites and dengue transmission, symptoms, management, and prevention
(14). Education materials created through the participatory
process included posters created by workshop participants,
which were then professionally drawn by a local artist, and
a theater piece illustrating the key messages: 1) how dengue is transmitted, its symptoms, and how it differs from
malaria; 2) timely use of health services; and 3) how to
prevent dengue and strategies to identify and control Ae.
aegypti mosquito breeding sites.
Community leaders were identified by community
members. They included those responsible for places of
worship (e.g., churches and mosques), representatives of
community associations, and community health workers
collaborating with the primary healthcare center. Participation in the intervention was voluntary. Community leaders invited members to participate in the intervention, and
an announcer was hired to travel with a loudspeaker along
every street in the intervention neighborhood to invite everyone. Interested persons attended communication and
education activities, including community theater, which
involved a play, interaction of the actors with the audience,
and a question and answer session, as well as community
clean-up activities conducted in the public spaces. The intervention also included door-to-door visits, school education, and self-awareness assessment sessions that involved
education with messages intended to raise student awareness of dengue and provide information on the disease
by using posters. These events were followed by a poster
drawing competition among all students, illustrating the
key messages they had learned about dengue.
In the control area, no communication activities were
carried out for dengue awareness and control. The risk of
cross-contamination between the 2 sites was low because the
control area was located >12 km from the intervention area.
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All intervention activities were coordinated by 5
researchers with experience in implementation of CBIs
and 5 experienced entomologists and conducted by 17
community members and theater actors with experience

conducting CBIs, recruited and trained for the intervention,
and 7 community representatives (e.g., traditional chiefs,
religious leaders, and local association heads) for a peer
review and follow-up of the activities. An evaluation of the

Figure 1. Intervention and control areas for an evaluation of a community-based intervention for dengue vector control conducted in
Ouagadougou, Burkina Faso, June–October 2016. A) Ouagadougou overview; inset shows location of Ouagadougou in Burkina Faso.
B) Tampouy (intervention neighborhood). C) Juvenat (control neighborhood).
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018
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intervention design and implementation processes showed
that most of the activities had been carried out as planned
with only minor modifications (online Technical Appendix
Table 1).
Outcomes

Before the intervention, in late October 2015, we performed a baseline data collection in the control and intervention neighborhoods. We collected the same data in late
October 2016 in both neighborhoods (after the intervention
and during the peak dengue transmission period for 2016)
to assess the effectiveness of the intervention. The primary
outcomes (serologic and entomologic data) were collected
at the compound level and the secondary outcomes (data on
knowledge, attitudes, and practices) at the household level,
given that in our study neighborhood we found >2 households living in the same compound (29). The residents of
the compound are exposed to the same population of mosquitoes. However, depending on their age, education level,
and sanitation habits, individual households might have
different levels of knowledge and attitudes about dengue
and its prevention.
Primary Outcomes (Continuous Variables)
Immunologic Biomarkers

Evidence of compound residents’ exposure to Ae. aegypti
mosquito bites was used to measure the population’s exposure to mosquito bites. In each compound, 2 residents (1
child and 1 adult) present at the time of data collection were
randomly sampled to provide blood drops for an Ae. aegypti mosquito saliva biomarker test. ELISA was performed
on these standardized dried blood spots, and results were
expressed as ∆OD (optical density), defined as the level
of IgG to Nterm-34 kDa peptide. These ∆OD values were
calculated according to the formula ∆OD = ODx – 2ODn,
where ODx represents the mean of individual OD values
in antigen wells and ODn the OD value in a well with no
antigen (30). The measurement of immunologic response
to Ae. aegypti mosquito saliva in human populations has
been documented as a relevant tool to assess a host’s level
of exposure to Ae. aegypti mosquito bites and the risk for
vectorborne disease (31).
Entomologic Data

In the compound where blood samples were collected, interviewers were asked to identify all Ae. aegypti mosquito breeding sites with water and to collect and count all
the larvae and pupae from the containers. The water was
poured out of the containers only at the endline survey,
and residents were advised to avoid these kinds of containers. Standard entomologic indices included the Ae. aegypti
mosquito house index (compounds with larvae or pupae
1862

× 100 compounds examined), container index (containers
with larvae or pupae × 100 containers examined), Breteau
index (containers with larvae or pupae per 100 compounds
examined), and pupae index (pupae per 100 compounds
examined) (31). These indices were generated at the neighborhood level.
Secondary Outcomes

The secondary outcomes were self-reported knowledge, attitudes, and practices (categoric variables), collected during
a face-to-face interview with an adult household respondent.
Knowledge about dengue was assessed by asking
“Can you list diseases that include fever as a symptom?”;
“Have you ever heard of dengue?”; “Is dengue a form of
malaria?”; and “Is dengue dangerous?” Knowledge about
dengue’s mode of transmission was assessed by asking “Is
dengue transmitted by the same mosquito as malaria?” Attitudes and practices for preventing dengue fever and diseases causing fever were assessed by asking “Do you store
water in containers?”; “Do you cover your water containers?”; and “Do you use bed nets?”
All data were collected by trained interviewers who
did not participate in the intervention. Each neighborhood
had its own interview team at baseline and endline, and the
interviewers’ work was supervised by the research team.
The questionnaire was administered using the free Open
Data Kit software (https://opendatakit.org).
Verbal consent was obtained from the respondents to
the household questionnaire and from those who provided
a blood sample. For children providing samples, at least 1
parent provided consent.
Statistical Analysis

We used a propensity score (PS) stratification approach to
estimate the effect of the intervention on the outcomes of
interest while ensuring that covariate balance was achieved
between intervention and control groups (32). After estimating the PS for the control and the intervention groups
(online Technical Appendix Figure 3), we excluded compounds and households with a PS outside of the overlapping
intervention–control zone of the PS distribution. To obtain
the optimal stratification setting while keeping a good covariate balance, we stratified the distribution of PS by using
a 5-quantile approach, as recommended previously (32).
This approach enabled exchangeability between intervention and control groups by ensuring that neighborhoods
within a specific propensity score strata were compared.
We modeled the propensity of receiving the intervention
by using a logistic regression model that included the following covariates as independent variables: the number of
households; sets of bedding in the compound and residents
in the compound; the status of the person who provided the
blood sample (adult or child); the household or households
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wealth index quintile (1 being the poorest and 5 the richest); and the questionnaire respondent characteristics such
as status (head of the household, lady of the household, or
other responsible adult), sex (male or female), and a variable that specified the respondent’s self-reported reading
ability (cannot read, can read, or can read with difficulties).
To estimate the effect of the intervention on the changes in outcomes in each specific household, we used linear
regression models (with a fixed effect for the PS strata) for
continuous outcomes. For binary outcomes, we used Poisson regression models with robust variance (with a fixed
effect for the PS strata) (33). Using a modified Poisson
model (i.e., with robust variance) has been shown to be a
good alternative to logistic regression, especially when the
outcome prevalence is not small. The Poisson model also
gives the risk for the exposed group (not the odds ratio, as
in logistic regression). Analyses were conducted by using
Stata 14.2 (StataCorp LLC, College Station, TX, USA).
Serologic analysis was performed by using GraphPad
Prism5 software (San Diego, CA, USA) (30). The descriptions of the covariates, data analysis, and results are provided in online Technical Appendix Figure 4.
Results
Baseline and Endline Data

The number of compounds and households randomly
sampled, those who completed the study at baseline and
endline, and the numbers included in the data analyses are
detailed in Figure 2. We summarized the characteristics of
the compounds at baseline (2015) and endline (2016) (online Technical Appendix Table 2). In the control neighborhood, among households for which responses to the
questions were obtained at baseline, heads of household
were more likely to be the respondents to the questionnaire (88/161 [54.66%]) than in the intervention neighborhood (31/176 [17.61%]) and were less likely to be female
(78/158 [49.37%]) than in the intervention neighborhood
(130/173 [75.14%]). The respondents had lower reading
ability in the intervention neighborhood; 108 (62.79%) of
172 respondents could read, compared with 133 (84.71%)
of 157 in the control neighborhood.
Outcomes and Estimation

We summarized residents’ immunologic response to Ae.
aegypti mosquito bites in the intervention and control
neighborhoods (online Technical Appendix Table 3). The
raw propensity score mean (± SD) was 0.50 (± 0.13) for all
observations. For intervention neighborhood observations,
PS was 0.53 (± 0.10); for control neighborhood observations, PS was 0.47 (± 0.15). After stratification, the withinstrata differences in the PSs between intervention and control observations ranged from 0.01 to 0.03.

At baseline, residents showed higher exposure to Ae.
aegypti mosquito bites in the intervention neighborhood
(∆OD mean [± SD] 0.17 [± 0.10]) than the control neighborhood (∆OD 0.13 [± 0.06]). At endline, residents from
the intervention neighborhood showed lower exposure to
Ae. aegypti mosquito bites (∆OD 0.18 [± 0.08]) than the
control neighborhood (∆OD 0.20 [± 0.12]). The regression
analysis on residents’ immunologic response showed that
the intervention reduced exposure to Ae. aegypti mosquito
bites (coefficient –0.08 [95% CI –0.11 to –0.04]).
In Tampouy, the container index decreased in the intervention neighborhood (from 17.56% to 14.43%) and increased in the control neighborhood (30.41% to 35.91%),
similar to what was observed for the pupae index (decreasing
from 162.14 to 99.03 in the intervention and increasing from
218.72 to 255.67 in the control neighborhood). A greater decrease was observed in the house index in the intervention
neighborhood (from 32.04% to 21.36%) compared with the
control neighborhood (from 33.00% to 31.53%) as well as in
the Breteau index (from 40.77% to 27.67% in the intervention neighborhood compared with 54.19% to 48.28% in the
control neighborhood (Figure 3; online Technical Appendix
Table 3). However, the regression models did not show an effect of the intervention on the absolute number of Ae. aegypti
mosquito breeding sites or on the number of preimaginal
stages of vector (larvae and pupae) at the compound level.
The households that received the intervention increased their knowledge of dengue (risk ratio [RR] 1.13
[95% CI 1.01–1.27]) and disease symptoms (RR 1.44 [95%
CI 1.22–1.69]) and were less likely to associate dengue
with malaria (RR 0.70 [95% CI 0.58–0.84]). Respondents
self-reported that they had increased their actions against
mosquitoes (RR 1.42 [95% CI 1.29–1.57]) and used more
bed nets (RR 1.31 [95% CI 1.22–1.42]).
Discussion
Our study assessed the effectiveness of a CBI for dengue
vector control in Ouagadougou, Burkina Faso. This evidence-based intervention was developed with local stakeholders, adapted to the community, and implemented following an ecohealth approach (26).
In Tampouy, the intervention reduced residents’ exposure to Ae. aegypti mosquito bites and container and pupae
indices, whereas these indices increased in Juvenat, the
control neighborhood. House and Breteau indices also had a
greater reduction in the intervention neighborhood. Knowledge about dengue was very limited at baseline in both the
intervention and control neighborhoods. Respondents in
the intervention neighborhood had increased knowledge
about dengue and actions to control mosquitoes, a first
step in the process of dengue vector control activities. In
the control neighborhood, limited knowledge of dengue
transmission, prevention, and treatment resulted in poorer
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Figure 2. Flowchart for
identification of compounds and
households for a community-based
intervention for dengue vector
control conducted in Ouagadougou,
Burkina Faso, June–October 2016.

protective practices against dengue vector. These results
are in line with those from previous studies performed in
Asia and Latin America (26–28,34,35).
In both the intervention and control neighborhoods,
the entomologic indices were high at baseline, which might
be the case for the entire city. Residents might not be aware
of the conditions or factors that can exacerbate the presence
of dengue vectors. Moreover, a real need exists to characterize Ae. aegypti mosquito breeding sites in Ouagadougou so they can be specifically targeted through education
and vector control activities. Entomologic studies are also
needed to clarify the ecologic aspects of the Ae. aegypti
mosquito; strengthened disease surveillance is also needed
because persons can be bitten by mosquitoes outside of the
home. An integrated surveillance system (i.e., addressing
epidemiology and entomology) allows for data triangulation, which should lead to better vector control planning.
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We did not find an effect of the intervention on the
number of Ae. aegypti breeding sites or the number of larvae and pupae found in compounds. Water stored for a long
time became stagnant and a potential Ae. aegypti mosquito
breeding site. Residents in the intervention neighborhood
might have adopted measures to protect themselves from
Ae. aegypti mosquito bites, which is confirmed by the reduction in the immunologic biomarkers; however, they
might have developed the habit of pouring out or covering water containers. Moreover, the interviewers knew the
intervention status of the neighborhoods, which could have
led to potential reporting bias and might be seen as a limitation of the study. However, the results of the serologic
biomarkers and the household questionnaires showed that
any potential bias was minimal.
Persons’ health beliefs and their dengue-related
knowledge, attitudes, and practices are likely to shape

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

Control of Dengue Virus Vector, Burkina Faso

Figure 3. Aedes aegypti larvae and pupae per resident (black dots) in the compounds of (A) intervention neighborhood (Tampouy) and
(B) control neighborhood (Juvenat) at baseline (left) and endline (right) of an evaluation of a community-based intervention for dengue
vector control conducted in Ouagadougou, Burkina Faso, June–October 2016.

their healthcare practices and behaviors (36). The success of dengue prevention and mosquito control efforts
in the community relies on the effectiveness of initiatives to educate the public about dengue and how it
spreads, how the general public can control Ae. aegypti
mosquito breeding sites, and how to improve household
environmental sanitation through sustained modification
of human behavior (37).
According to Stahl et al. (38), preventing dengue outbreaks is much cheaper than paying for the consequences
of an outbreak. Burkina Faso is experiencing an alarming
increase in dengue cases and the dengue vector population during raining seasons. The spread of the vector is
associated with climate change, globalization, and rapid
urbanization (39); however, many other major diseases

can also be transmitted by the mosquito vectors of dengue
(e.g., yellow fever, chikungunya, and Zika) (5). WHO has
recommended that any country in the dengue belt with Ae.
aegypti mosquitoes should be vigilant about the spread
of Zika virus (40). Understanding which interventions are
effective in what context is needed to prevent new diseases that could be established with competent vectors
and to control current diseases. Now that the favorable
environmental conditions for Zika vector spread have
been confirmed to exist in Africa, complacency is not an
option (41).
Considerable enthusiasm exists for novel vector control
approaches to prevent diseases transmitted by Ae. aegypti
mosquitoes, including 1) release of mosquitoes infected
with a strain of Wolbachia spp. bacteria; 2) release of large
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numbers of sterile male vectors; 3) use of mosquitoes engineered to carry a lethal gene; and 4) use of pyriproxyfen,
a powerful synthetic analog of mosquito juvenile hormone
(42). An effective prevention and control strategy against
Aedes mosquito–borne diseases in tropical urban settings
includes a strong community effort in social mobilization
and communication, along with use of new technologies
that combine enhanced mosquito control with effective vaccines and improved diagnosis and clinical management, including the use of antivirals and therapeutic antibodies (43).
In sub-Saharan Africa, the promotion of health literacy is critical to active and informed participation in
health promotion and disease prevention (44); it is one
component that can facilitate or be a barrier to a health
education and communication intervention for dengue
vector control. Public health authorities should sustain
their education and communication efforts and the budget for such efforts not only when an outbreak is ongoing. Communities must be reminded of when to carry out
the actions, how to properly carry out the recommended
behaviors, and what the benefits are to carrying them
out. To achieve sustained behavior changes in dengue
vector control, continuous communication and interaction between governmental agencies and the communities is essential.
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Evaluation of Nowcasting for
Detecting and Predicting Local
Influenza Epidemics,
Sweden, 2009–2014
Armin Spreco, Olle Eriksson, Örjan Dahlström, Benjamin John Cowling, Toomas Timpka

The growing availability of big data in healthcare and public health opens possibilities for infectious disease control
in local settings. We prospectively evaluated a method for
integrated local detection and prediction (nowcasting) of
influenza epidemics over 5 years, using the total population in Östergötland County, Sweden. We used routine
health information system data on influenza-diagnosis
cases and syndromic telenursing data for July 2009–June
2014 to evaluate epidemic detection, peak-timing prediction, and peak-intensity prediction. Detection performance was satisfactory throughout the period, except for
the 2011–12 influenza A(H3N2) season, which followed a
season with influenza B and pandemic influenza A(H1N1)
pdm09 virus activity. Peak-timing prediction performance
was satisfactory for the 4 influenza seasons but not the
pandemic. Peak-intensity levels were correctly categorized for the pandemic and 2 of 4 influenza seasons. We
recommend using versions of this method modified with
regard to local use context for further evaluations using
standard methods.

A

lthough the seasonal variations in influenza incidence
among nations and global regions are well described
(1), the duration and intensity of influenza epidemics in
local communities have been less well monitored and
understood. The rapidly growing availability of big data
from diagnostic and prediagnostic (syndromic) sources
in healthcare and public health settings opens new possibilities for increasing the granularity in infectious disease
control (2,3). However, development of outbreak models
and efficient use of the information produced by prediction
models in public health response decision-making remain
challenging. This observation was recently highlighted
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by the Congress of the United States request that the Government Accountability Office gather information on validation of emerging infectious disease model predictions
(https://energycommerce.house.gov/wp-content/uploads/
2017/11/20171109GAO.pdf).
We previously reported the design of a nowcasting
method (detection of influenza epidemics and short-term
predictions) for local-level application in the northwestern region of the world (4). In other fields, such as meteorology, nowcasting methods represent standard tools for
warning the public against dangerous high-impact events
(5). The rationale for developing this novel method was to
inform the planning of local responses and adjustments of
healthcare capacities. Many such adjustments are planned
and performed locally, at county and municipality levels.
In Sweden, for instance, the hospital bed capacity is habitually overextended; on average, 103 patients occupy 100
regular hospital bed units (6). It is therefore important that
an influenza epidemic is noticed early at the local level to
make time for implementation of adjustments (e.g., freeing hospital beds by removing from the waiting list those
patients scheduled for elective interventions).
We performed a prospective 5-year evaluation of local
influenza nowcasting by using routine health information
system data. The evaluation period included 1 pandemic
(2009) and 4 winter influenza seasons (Figure). The nowcasting method is based on mathematical modeling of epidemic curves generated from historic local data (4). Nowcasting comprises 3 functions: detection of the local start of
the epidemic, prediction of peak timing, and prediction of
peak intensity.
Methods
We used an open cohort design based on the total population (n = 445,000) in Östergötland County, Sweden. We
used prospective data from July 1, 2009, through June 30,
2014, from 2 sources in the countywide health information system: clinical influenza-diagnosis cases recorded
by physicians and syndromic chief complaint data from a
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Figure. Data used for evaluation
of nowcasting for detection and
prediction of local influenza
epidemics, Östergötland County,
Sweden, January 1, 2008,
through June 30, 2014.
A) Unadjusted daily numbers
of influenza-diagnosis cases
per 100,000 population.
B) Unadjusted daily telenursing
calls because of fever (child and
adult) per 100,000 population.

telenursing service (4). The influenza-diagnosis case data
were used for detection of the local start of the epidemic
and prediction of its peak intensity; the syndromic data
were used for prediction of the peak timing. Timeliness
was used as a performance metric for detection of the local start of the epidemic and the peak-timing prediction;
the correct identification of intensity category on a 5-grade
scale was used for peak-intensity prediction. The study design was approved by the Regional Research Ethics Board
in Linköping (no. 2012/104–31).
Definitions

We identified influenza cases by using codes from the International Classification of Diseases, 10th Revision, for
influenza (J10.0, J10.1, J10.8, J11.0, J11.1, J11.8) (7) as
recorded in the local electronic health data repository. We
identified influenza-related telenursing call cases by using
the chief complaint codes associated with influenza symptoms (dyspnea, fever [child and adult], cough [child and
adult], sore throat, lethargy, syncope, dizziness, and headache [child and adult]).

The intensity level for the start of a local epidemic
(i.e., the endpoint for the detection function) was set to
6.3 influenza-diagnosis cases/100,000 population recorded
during a floating 7-day period in the countywide health
information system (3). A recent comparison of influenza
intensity levels in Europe estimated a similar definition
(6.4 influenza-diagnosis cases/wk/100,000 population) for
the 2008–09 winter influenza season in Sweden (8). Peak
timing was defined as the date when the highest number of
influenza-diagnosis cases were documented in the countywide electronic patient record. Peak intensity was defined
as the number of influenza-diagnosis cases that had been
documented on that date.
The detection threshold was adjusted to situations
when extended simmering of influenza-related activity
appears before an epidemic. Such simmering was associated with exceptionally mild winter influenza seasons and
pandemics. Preepidemic simmering before winter influenza seasons was defined as occurring when the period
between increased influenza incidence above baseline
and the start of the epidemic is prolonged (4). The upper
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threshold for the baseline was set to 3.2 influenza-diagnosis cases/100,000 population during a floating 7-day
period (i.e., half of the defined start-of-epidemic intensity
level). If the baseline threshold was surpassed for a period
3 times longer than the average period before previous
epidemics without exceeding the start-of-epidemic level
(i.e., 6.3 influenza-diagnosis cases/100,000 population
during a floating 7-day period), preepidemic simmering
was considered to have occurred. Preepidemic simmering
in association with a pandemic was defined as that ensuing
from the date of a World Health Organization pandemic
alert. We determined all definitions and adjustments before using the method for detection and prediction.
Method Application

Technical details concerning the 3 functions of nowcasting are provided in online Technical Appendix 1 (https://
wwwnc.cdc.gov/EID/article/24/10/17-1940-Techapp1.
pdf). The programming code for the analyses is provided in
online Technical Appendix 2 (https://wwwnc.cdc.gov/EID/
article/24/10/17-1940-Techapp2.pdf).
To calibrate the detection component of the nowcasting
method, we retrospectively determined weekday effects on
recording of influenza-diagnosis cases and a baseline alarm
threshold by using learning data. These data were collected
from January 1, 2008, through June 30, 2009, including the
2 winter influenza seasons 2007–08 and 2008–09. To determine weekday effects, we used data from the entire learning data collection period. To determine the initial alerting threshold, we used only data from the winter influenza
season in 2008–09. The 2007–08 winter influenza season
could not be used for this purpose because collection of
learning data had already started. Throughout the study period, the calibration data were updated after every winter
influenza season (i.e., no updates after the 2009 pandemic
outbreak). The detection algorithm was thus applied to the
next epidemic by using the revised threshold determined in
the updated learning dataset. We identified 2 exceptional
situations: pandemic settings and winter influenza seasons
that simmered before they started (4). In these situations,
the alarm threshold is doubled. Accordingly, following the
World Health Organization pandemic alert (9), the alarm
threshold was doubled for the 2009 season. Before the
2010–11 winter influenza season, the threshold was reset
to the regular level. No updates were performed because
the set of learning data remained the same (i.e., it contained
data from the 2008–09 winter influenza season). For the
2011–12 winter influenza season, we updated the threshold by using learning data from the 2008–09 and 2010–11
winter influenza seasons. For the 2012–13 winter influenza
season, we updated the threshold by using learning data
from the 2008–09, 2010–11, and 2011–12 winter influenza
seasons. For the 2013–14 winter influenza season, we again
1870

updated the alerting threshold by using learning data from
the previous winter influenza seasons (2008–09, 2010–11,
2011–12, and 2012–13). However, because this winter influenza season simmered before it started, the threshold
was doubled before the detection method was applied. The
weekday effects were assumed to be relatively constant
over time in the local detection analyses and therefore were
not updated after every winter influenza season.
We also used the set of learning data from the winter influenza seasons in 2007–08 and 2008–09 to initially
calibrate the first component of the local prediction module. The dataset was used to decide the grouping of chief
complaints with the largest correlation strength and longest
lead time between influenza-diagnosis data and telenursing
data (10,11). The best performing telenursing chief complaint was fever (child and adult), and the most favorable
lead time was 14 days. When the peak timing had been
determined, the second component of the local prediction
module was applied to influenza-diagnosis data from the
corresponding epidemics to find the peak intensity on the
predicted peak day (4). Regarding weekday effects on local prediction, the same calculation was applied and the
same grouping of chief complaints and lead time were used
throughout the study.
Metrics and Interpretations

For trustworthiness of the nowcasting method in local
healthcare planning, we set the maximum acceptable
timeliness error for detection and peak timing predictions to 1.5 weeks. Method performance was defined to
be excellent if the absolute value of the timeliness error
was <3 days, good if it was 4–7 days, acceptable if it was
8–11 days, and poor if it was >12 days. For peak intensity
predictions, we used the epidemic threshold and intensity
level categories (nonepidemic, low, medium, high, and
very high) identified for Sweden in a study involving 28
European countries (8) (Table 1). If the predicted peak
intensity fell into the same category as the actual peak
intensity, the prediction was considered successful; otherwise, it was considered unsuccessful.
Results
Local Detection

The detection component of the local nowcasting method
showed good performance during the 2009 pandemic of
influenza A(H1N1)pdm09 (pH1N1) virus (Table 2), alerting for the local influenza epidemic 5 days after it actually
started. For the 2010–11 winter influenza season with influenza B and pH1N1 viruses circulating, the local detection
performance was also good; the alarm was raised 5 days
after the start of the local epidemic. During the 2011–12
winter influenza season, with influenza A(H3N2) virus
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Table 1. Epidemic intensity categories used to interpret performance measurements in evaluation of nowcasting for detection and
prediction of local influenza epidemics, Sweden, 2009–2014*
Threshold, cases/d/100,000 population
Intensity level
2008–09
2009 pandemic 2010–11
2011–12
2012–13
2013–14
Nonepidemic
<0.9
<0.9
<0.9
<1.0
<1.2
<1.2
Low
0.9
0.9
0.9
1.0
1.2
1.2
Medium
2.4
2.5
2.5
2.5
2.8
2.9
High
5.5
5.4
5.4
5.2
5.6
5.5
Very high
7.9
7.5
7.5
7.1
7.7
7.4
*Based on (8).

activity only, detection performance was poor. During that
season, the alarm was raised 15 days before the actual local
epidemic started. During the 2012–13 and 2013–14 winter influenza seasons, with influenza A(H3N2), influenza
B, and pH1N1 viruses circulating, the local detection performance was excellent; alarms were raised 3 days before
the 2012–13 epidemic started and 3 days after the 2013–14
epidemic started.
Local Prediction

For the 2009 influenza pandemic, performance of the local peak-timing prediction was poor, but the peak-intensity level was correctly categorized (medium intensity
epidemic) (Table 3). For the 2010–11 winter influenza
season, with influenza B and pH1N1 viruses circulating,
the local peak-timing prediction was excellent and the
peak intensity was successfully predicted to the correct
category (medium intensity). For the 2011–12 winter influenza seasons with influenza A(H3N2) virus circulating
and the 2012–13 winter season with influenza A(H3N2),
influenza B, and pH1N1 viruses circulating, the local
peak-timing predictions were good. The local peak-intensity predictions were successful for the 2012–13 winter
influenza season, correctly categorizing it to a very high
intensity level and unsuccessful for the 2011–12 season,
categorizing it as a medium intensity epidemic when it
actually developed into a very high-intensity epidemic.
For the 2013–14 winter influenza season, with influenza
B and pH1N1 viruses circulating and a simmering start,
the local peak-timing prediction was acceptable, but the
local peak intensity was wrongly predicted to be at the
nonepidemic level when the winter influenza season actually reached a medium intensity level.

Discussion
In this prospective 5-year evaluation of a method for local nowcasting of influenza epidemics that used routine
health information system data, we identified aspects that
were satisfactory and identified areas where improvements
are needed. The detection function displayed satisfactory
performance throughout the evaluation period, except for
the 2011–12 winter influenza season, in which influenza
A(H3N2) virus circulated after a season with influenza B
and pH1N1 virus activity. Peak-timing prediction performance was satisfactory for the 4 winter influenza seasons
but not for the 2009 pandemic. In addition, the method
categorized the local peak-intensity levels correctly for the
2009 pandemic and for 2 of the winter influenza seasons,
but it was unsuccessful at forecasting the very high peak
intensity of the 2011–12 season and the medium peak intensity of the 2013–14 season, which was preceded by a
simmering phase.
The results indicate that securing the availability of a
new data source is only the first step toward using the data
stream in routine surveillance. The syndromic data source
used for the big data stream in this study was subjected to
rigorous restructuring and maintenance. Nonetheless, not
all parameters associated with the syndromic data stream
were regularly updated. For the peak-timing predictions
made by using telenursing data, we assumed that increases
in telenursing activity precede influenza diagnoses by 14
days. Although this assumption is grounded (10,11), the
interval may change over time and thereby influence influenza predictions. Using the constant interval estimate,
we estimated the influenza diagnosis peaks for the 2011–
12 and 2012–13 winter influenza seasons 1 week before
and 1 week after the actual influenza-diagnosis peaks. In

Table 2. Performance of the detection algorithm displayed with alert thresholds updated by using data from previous winter influenza
seasons in evaluation of nowcasting for detection and prediction of local influenza epidemics, Sweden, 2009–2014*
Updated threshold,
Influenza virus activity
cases/d/100,000 population
Timeliness†
Interpretation
2009 pH1N1‡
0.424
Good
5
2010–11 B and pH1N1
0.212
Good
5
2011–12 A(H3N2)
0.207
15
Poor
2012–13 A(H3N2), B, and pH1N1
0.242
3
Excellent
2013–14 A(H3N2), B, and pH1N1‡
0.481
Excellent
3

*pH1N1, pandemic influenza A(H1N1)pdm09 virus.
†Positive value means that the algorithm issued an alarm before the local epidemic had started; negative value means that the alarm was raised after the
start of the epidemic.
‡The threshold was doubled because of a pandemic alert or observation of a period of simmering influenza activity.
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Table 3. Performance of peak-timing and peak-intensity predictions from evaluation of nowcasting for detection and prediction of local
influenza epidemics, Sweden, 2009–2014*
Time-of-peak predictions†
Peak intensity predictions
Category (cases/d/100,000
Date when
population)
prediction
Time to Prediction
Influenza virus active
made
peak, d
error
Interpretation
Predicted
Factual
Interpretation
2009 pH1N1
2009 Sep 27
8
Poor
Medium (3.3)
Medium
Successful
28
(2.9)
2010–11 B and pH1N1
2011 Feb 11
10
0
Excellent
Medium (4.5)
Medium
Successful
(4.9)
2011–12 A(H3N2)
2012 Feb 25
9
7
Good
Medium (4.5) Very high Unsuccessful
(12.4)
2012–13 A(H3N2), B, and pH1N1 2013 Feb 22
10
Good
Very high
Very high
Successful
7
(10.1)
(11.7)
2013–14 A(H3N2), B, and pH1N1 2014 Feb 17
8
Acceptable
Nonepidemic
Medium Unsuccessful
8
(1.0)
(3.4)
*pH1N1, pandemic influenza A(H1N1)pdm09 virus.
†Positive value means that the peak was predicted to be reached before the actual peak occurred; negative value means that the peak was predicted to
be reached after the actual peak occurred.

other words, the basic prediction method may have been
more accurate at predicting the peak timing than the results
of this study show. In the setting of our study, the performance was most likely decreased by the assumption that
telenursing precedes influenza diagnosis by 14 days is applicable to all situations. Althouse et al. reported that methods underpinning the use of big data sources (e.g., search
query logs) need regular upkeep to maintain their accuracy
(12). In future versions of nowcasting methods, regular
updates and syndromic sources that are more stable than
telenursing data (regarding time lag to influenza diagnosis
data) may become available and can be used to improve the
peak-timing predictions.
Influenza forecasting is methodologically challenging
(13,14), and only a few prospective evaluations have transparently reported algorithms and study designs. In the first
Centers for Disease Control and Prevention (CDC) challenge, a prospective study of state-of-the-art methods in
which 4 aspects of influenza epidemics (start week, peak
week, peak percentage, and duration) were forecasted by
using routine data (15), none of the evaluated methods
showed satisfactory performance for all aspects. Similarly,
in the second CDC challenge, in which 3 aspects of influenza epidemics (start week, peak week, and peak intensity)
were forecasted by using 7 methods, none of the evaluated
methods displayed satisfactory performance (16). These
challenge studies have substantially helped to widen the
understanding of the difficulties of forecasting different aspects of influenza epidemics. In our study, the detection
and peak-intensity prediction functions of the local nowcasting method underperformed during the 2011–12 winter
influenza season. One reason for the observed underperformance may be that the data from preceding seasons used to
generate local epidemic curves were insufficient for modeling the between-seasons drift in the immunity status of
the population in relation to the circulating influenza strain.
In other words, the present parameters used to compute
1872

epidemic curves were deficient when large drifts in population immunity with corresponding changes in virus dissemination patterns occurred. For instance, the epidemic phase
of the influenza A(H3N2) season in 2011–12 may not have
started with virus spread among the young persons in the
community as it had during previous seasons (17,18). It has
been suggested that including virologic information (i.e.,
influenza virus type and subtype) as model parameters may
improve the predictive accuracy of mathematical models
(19). We contend also that, for local influenza detection and
prediction, historical accounts of the circulating influenza
virus types should be considered for inclusion in the statistical models and suggest adding information about the
population age structure. However, such model extensions
must also be paralleled by securing a continuous supply
of the corresponding data in the local settings where the
models are to be used.
This study has strengths and weaknesses that need to be
considered when interpreting the results. The main strength
of the study is that it prospectively evaluates an integrated
influenza nowcasting method in a local community. On the
basis of experiences from previous studies (4,15,16,20), we
considered timeliness to be the most valid general evaluation metric for our purposes. To be able to accurately
support adjustments of local healthcare capacity, we used
daily data for the evaluations. In the CDC challenge studies
(15,16), forecasts of the start and peak timing of an epidemic were based on weekly data and considered accurate
if they occurred within 1 week of the actual timing of each
component. Therefore, we consider the limits used for
evaluating detection and the peak-timing predictions in this
study to be at least as strict as those in the CDC challenge.
Regarding the prediction of peak intensity, we considered
a forecast to be accurate if it predicted the peak intensity to
be the correct peak-intensity category as defined by Vega
et al. (8), who calculated the thresholds for each of these
categories for every winter influenza season by applying
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the moving epidemic method (21) on 5–10 previously occurring seasons. Hence, we consider these categories to
be reliable. A longer prospective evaluation period would
have increased the possibility of drawing valid conclusions
concerning the outcome of the evaluation, and it would be
preferable to have corresponding local data from other cities or regions (22). Evaluating our nowcasting method for
epidemics from several other regions would enable conclusions to be drawn about the generalizability of the method.
We contend that methods for local nowcasting of influenza epidemics based on routine health information system data have potential for general dissemination and use.
Future versions of the nowcasting model will be gradually
extended with information on population age distribution
and on current and previously circulating influenza types.
Such extensions need to be paralleled by securing a routine
supply of data to the added parameters in local health information systems. We recommend using versions of the
nowcasting method modified with regard to their local use
context for further evaluations with standard measures.
This study was supported by grants from the Swedish Civil
Contingencies Agency (2010–2788) and the Swedish Research
Council (2008–5252). The funders had no role in the study
design, data collection and analysis, decision to publish, or
preparation of the manuscript.
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Rapid Increase in Carriage Rates
of Enterobacteriaceae
Producing Extended-Spectrum
β-Lactamases in Healthy
Preschool Children, Sweden
Johan Kaarme, Hilde Riedel, Wesley Schaal, Hong Yin, Tryggve Nevéus, Åsa Melhus

By collecting and analyzing diapers, we identified a >6-fold
increase in carriage of extended-spectrum β-lactamase
(ESBL)–producing Enterobacteriaceae for healthy preschool children in Sweden (p<0.0001). For 6 of the 50 participating preschools, the carriage rate was >40%. We analyzed samples from 334 children and found 56 containing
>1 ESBL producer. The prevalence in the study population
increased from 2.6% in 2010 to 16.8% in 2016 (p<0.0001),
and for 6 of the 50 participating preschools, the carriage
rate was >40%. Furthermore, 58% of the ESBL producers
were multidrug resistant, and transmission of ESBL-producing and non–ESBL-producing strains was observed at several of the preschools. Toddlers appear to be major carriers
of ESBL producers in Sweden.

T

he rapid dispersion of multidrug-resistant bacteria is
considered one of the main threats to global public
health (1), and it shows no sign of abating. Members of the
family Enterobacteriaceae harboring extended-spectrum
β-lactamases (ESBLs) are playing a major role in this development. These bacteria have spread quickly worldwide
as a result of their mobile genetic elements or clonal dissemination (2), and the resulting infections have become
a clinical challenge. Consequently, illnesses and deaths
caused by these bacteria and related healthcare costs have
increased (3,4).
Transferable enzymes of the ESBL type have been reported since the early 1980s (5). These enzymes confer resistance to penicillins, cephalosporins, and monobactams,
but not to cephamycins or carbapenems, and are inhibited
by β-lactam inhibitors (6). Their prevalence is steadily
increasing. During the past 2 decades, CTX-M type
enzymes have become the most predominant, followed by
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the previously dominating SHV and TEM types (2). The
dissemination of ESBL producers of the CTX-M type is
problematic because co-resistance to other major classes of
antimicrobial drugs is frequent (7). The European Centre
for Disease Prevention and Control has declared that the
increasing prevalence of ESBLs in invasive isolates in Europe is particularly worrisome (8).
Most studies on ESBL producers have focused on
hospitalized and adult patients, some have explored the
prevalence for healthy persons, and even fewer included children (8–10). In 2010, we conducted a study on
fecal carriage of ESBL-producing Enterobacteriaceae
for healthy preschool children in Sweden and reported
a prevalence of 2.6% (11). Recent studies conducted in
other countries have indicated diversified but sometimes
high prevalence and spread of ESBL producers, in which
daycare centers have been suggested to constitute possible reservoirs (12,13).
The primary purpose of this follow-up study was to
investigate whether the prevalence of ESBL producers had
increased in our community-based pediatric population
during the past 6 years. In addition, we explored whether
our previous indications of transmission of ESBL producers between children in preschools could be confirmed.
Materials and Methods
Settings and Study Design

During August 2016, we conducted a prospective followup study in Uppsala, Sweden. All 71 municipal preschools
in the central parts of the city were invited to participate.
In 2015, a total of 80% of all children 1–5 years of age
in Uppsala County attended preschool. Of these children,
74% were enrolled in municipal preschools (mean 16.7
children in each group). The remaining children attended
private preschools or other child care providers or stayed
at home (14). Most attendees spent 6–8 hour/workday in
the preschools.
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Before the study was conducted, an advisory statement
was obtained from the Regional Ethics Committee that established diapers as biologic waste. Therefore, no ethics consent
was needed. Information about the study was thereafter sent
to the directors of the participating preschools for further distribution to the staff and parents. In preschools in which staff
and parents gave their verbal consent, 1 diaper/child was
collected the morning after defecation. The time span from
defecation to processing of the samples was 16–25 hours.
Each diaper was marked with the age of the child to avoid
duplicates. Approximately 1 month later, we revisited the
preschools and collected environmental samples from water
traps of washbasins, toilet flush buttons, and lunch tables.
Statistics on antimicrobial drug consumption in Uppsala County were provided by the Swedish Strategic Programme for the Rational Use of Antimicrobial Agents and
Surveillance of Resistance (https://isim.ku.dk/staff/vip/?p
ure=en%2Fpublications%2Fstrama-the-swedish-strategicprogramme-for-the-rational-use-of-antimicrobial-agentsand-surveillance-of-resistance(95ae88b0-93b5-11dd86a6-000ea68e967b).html). Information for prescriptions
of antimicrobial drugs used in Uppsala County and drug
requisitions to Uppsala University Hospital in 2015 was
also provided by this program.
Bacteria and Media

After collection, diapers were transported to the Department of Clinical Microbiology at Uppsala University Hospital. Stool was streaked onto MacConkey agar plates (Acumedia, Lansing, MI, USA) containing a cefotaxime disc (5
μg; Oxoid Ltd., Basingstoke, UK). Stool was also inoculated into 2 tubes containing Luria–Bertani broth (Becton,
Dickinson and Co., Sparks, MD, USA) supplemented with
cefpodoxime (5 µg/mL) or ertapenem (1.25 µg/mL) (Oxoid Ltd.). After incubation at 37°C for 24 hours, we semiquantified growth in the inhibition zones on MacConkey
agar plates as follows: light, 1–10 CFU; moderate, 11–100
CFU; and heavy, >100 CFU. The broth was plated onto
cysteine–lactose electrolyte-deficient agar plates (Becton,
Dickinson and Co.) that contained cefotaxime (5 μg) and
ceftazidime (10 μg) discs for selection of ESBL producers
and imipenem (10 μg) and ceftazidime (10 μg) discs for
selection of carbapenemase producers. We identified colonies growing in the inhibition zones after 24 hours of incubation to the species level by using matrix-assisted laser
desorption/time-of-flight mass spectrometry.
Environmental samples were collected with cotton
swabs and inoculated on site into Luria–Bertani broth. Subsequent handling was identical with that for fecal isolates.
Antimicrobial Drug Susceptibility Testing

We determined antimicrobial drug susceptibility for all
isolates that showed growth in the inhibition zones of

cefotaxime, ceftazidime, or imipenem by using the disc
diffusion method and breakpoints recommended by the
European Committee on Antimicrobial Susceptibility
Testing (15). We tested mecillinam, amoxicillin/clavulanic acid, piperacillin/tazobactam, cefoxitin, cefotaxime,
ceftazidime, cefepime, aztreonam, meropenem, gentamicin, tobramycin, amikacin, nalidixic acid, ciprofloxacin,
trimethoprim, cotrimoxazole, nitrofurantoin, and tigecycline. We defined multidrug resistance as resistance to
>2 antimicrobial drug classes, in addition to resistance to
cephalosporins, penicillins, and monobactams.
We performed phenotypic confirmation of ESBL production as described (16). Isolates resistant to cephalosporins but not inhibited by clavulanic acid or cefoxitin were
tested by using a multiplex PCR described by Pérez-Pérez
and Hanson to detect plasmid-mediated AmpC (17).
Repetitive Element Palindromic PCR

To explore genetic relatedness between Escherichia coli
isolates from the same preschool, we performed a previously described repetitive element palindromic PCR (repPCR) (11) with a slight modification: only primer ERIC2
(5′-AAGTAAGTGACTGGGGTGAGCG-3′) was used.
We analyzed 86 isolates from 18 preschools with the largest number of diapers with susceptible E. coli. A total of
45 isolates from 13 preschools were ESBL producers; the
remaining 41 isolates were fully susceptible to cephalosporins and meropenem. We collected these susceptible isolates from 4 preschools that had no ESBL-positive isolates
(n = 6, n = 12, n = 6, and n = 10) and 1 preschool with 1
ESBL-positive isolate (n = 7). These isolates were included
as controls to determine whether transmission occurred between children independent of ESBL production.
Whole-Genome Sequencing

To determine ESBL types and genetic relatedness, we
subjected 43 ESBL-producing E. coli isolates from 25
preschools to whole-genome sequencing. Isolates representative of each DNA pattern determined by the repPCR were chosen for each preschool. For confirmation
of the performance of the rep-PCR, all ESBL producers
from 2 preschools (n = 3 and n = 4) and all ESBL producers from 2 children (n = 2 and n = 2) were also completely sequenced.
We prepared DNA by using the MagAttract DNA mini
M48 Kit (QIAGEN, Solna, Sweden) and the BioRobot M48
(GenoVision, West Chester, PA, USA). We sequenced genomes of selected isolates by using IonTorrent (Life Technologies, Carlsbad, CA, USA) and a read length of 400 bp,
according to the manufacturer’s instructions. We assembled reads into a draft genome using the AssemblerSPAdes
Plugin in TorrentSuite Version 4.2 (Thermo Fisher Scientific, Waltham, MA, USA) and the recommended settings

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

1875

RESEARCH

of Life Technologies. We constructed databases for each
of the assembled genomes (18). Sequence data were edited
by using the Emboss suite (19) and the E. coli Multilocus
Sequence Typing website (20).
We aligned whole-genome sequences with a common reference sequence (GenBank accession no.
NC_010473.1) by using ABACAS (21) with gaps omitted. These sequences were separated by strain type according to multilocus sequence typing. Within each strain
type, differences between samples were further refined by
counting the number of single-nucleotide polymorphisms
(SNPs) between each pair. SNP determination was performed by using MUMmer (22).
Statistical Analysis

We used the 2-tailed Fisher exact test to compare groups.
Differences were considered significant if p<0.05.
Results
Study Population

A total of 58 (82%) of 71 municipal preschools agreed
to participate in the study; the preschools were evenly
distributed across the city. Four of the preschools were
excluded because of no delivery of diapers on the day of
collection, and 4 others were excluded because of a sudden relocation of children after a fire, making it impossible to follow the epidemiology. Thus, of the 71 invited
municipal preschools, 50 (70%) delivered samples that
were included in the study.
The number of diapers collected from each preschool
ranged from 1 to 18 (median 6 diapers/preschool). The collection yielded 334 stool samples and 204 environmental
samples. The age range of participating children was 13–45
months (median 25 months) (Figure 1); 8 samples had no
information about the age of the child.

Cefotaxime-Resistant Isolates

Of 334 children, we found 67 (20.1%) from 32 preschools
who had cefotaxim-resistant Enterobacteriaceae isolates in
their stool. Of these 67 children, 56 (16.8%) had >1 ESBL
producer (Figure 2) and 15 (4.5%) had >1 AmpC producer.
We isolated 62 ESBL-producing and 15 AmpC-producing
Enterobacteriaceae strains.
The number of carriers of ESBL-producing isolates
from a single preschool ranged from 1 to 7, yielding a
carriage rate of 0%–80% for the included preschools. For
6 of the preschools, the carriage rate was >40%, and in
18 preschools, none of the children were ESBL carriers.
The median detection rate for the preschools was 13%
positive samples.
Most (n = 47) of the ESBL-positive children had 1 ESBL
producer, but 5 children had 2 ESBL-producing strains at the
same time, either 2 E. coli strains (n = 3) or a combination
of E. coli and Klebsiella pneumoniae (n = 2). For 4 children,
both ESBL- and AmpC-type enzymes were detected. One
child had 2 ESBL producers (E. coli and K. pneumoniae) and
1 AmpC producer (CITM-positive E. coli).
Eleven children had only an AmpC-producing isolate. Thus, the total number of detected cefotaxime-resistant AmpC-producing Enterobacteriaceae isolates was 15
(4.5%). These isolates had the following species distribution:
E. coli (n = 7), Enterobacter cloacae (n = 6), Citrobacter
freundii (n = 1), and Citrobacter brakii (n = 1). For the E. coli
isolates, plasmid-mediated resistance predominated; 4 isolates were DHAM positive and 1 isolate was CITM positive.
Thirty (69.8%) of the 43 fully sequenced ESBL-producing E. coli isolates harbored CTX-M-15, five had CTXM-14 or CTX-M-14–like β-lactamases, four had CTXM-55, three had CTX-M-57, and one had CTX-M-27.
Eleven of the isolates harbored concomitant TEM enzymes:
four had TEM-2, two had TEM-55, two had TEM-56, two
had TEM-109, and one had TEM-4.
Figure 1. Age distribution of
healthy preschool children in
study of rapid increase in carriage
rates of Enterobacteriaceae
producing extended-spectrum
β-lactamases, Sweden.
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Figure 2. Age distribution of extended-spectrum β-lactamase carriers
in study of rapid increase in carriage rates of Enterobacteriaceae
producing extended-spectrum β-lactamases, Sweden.

The 3 most common multilocus sequence types (STs)
for the ESBL producers for which whole-genome sequencing was performed were ST131 (n = 11, 25.6%), followed
by ST10 and ST354 (both n = 5, 11.6%). ST131 was present
in 9 preschools, ST10 in 4, and ST354 in 3. Other STs represented were ST38 or the clonal complex containing ST58,
ST127, ST155, ST328, ST349, ST362, ST450, ST602,
ST998, ST1423, ST1634, ST2064, ST3877, and ST6448.
The 204 environmental samples yielded only 1 AmpCproducing E. coli isolate from a washbasin in 1 of the diaper-changing rooms of 1 preschool. This preschool had
3 fecal samples with ESBL/AmpC production, which was
unrelated to the AmpC-producing E. coli.
Transmission of E. coli Isolates

We detected identical strains in both preschools with and
without ESBL producers. If there were 2–3 ESBL-positive
children in a preschool, they, as a rule, had the same strain.

With increasing numbers of ESBL-positive children in a
school, the likelihood increased for >1 strain being involved.
In the preschool that had the highest total number of ESBLpositive children (n = 7), 4 ESBL strains were identified, of
which 3 were E. coli. All E. coli strains had been transmitted to 1 or 2 additional children, but the ESBL-positive K.
pneumoniae strain was detected in only 1 child. We found no
correlation between the quantity of growth in the inhibition
zone of cefotaxime and the tendency to spread.
The 3 most common STs were further analyzed to rule
out transmission between preschools. ST10 isolates were
unambiguously different (SNPs 1,200–15,000). ST38 isolates were generally more closely related than were ST10
isolates but were insufficient to support direct transmission.
The closest pair of STs showed a difference of ≈300 SNPs.
The most frequent ST group, ST131, held several moderately to closely related isolates. Three isolates formed the
closest group (SNPs <45). Another group of 3 isolates was
moderately related to the other 3 samples and to each other
(SNPs ≈100–350). The remaining isolates formed a separate group with SNPs >400.
In preschools that had susceptible E. coli strains, <2
children had the same strain, and <3 strains were present in
the same children. Only 1 preschool showed no spread of
E. coli strains between the children. In this preschool, there
were no children who had ESBL producers.
Antimicrobial Drug Resistance

Thirty-six (58%) of the 62 ESBL-producing isolates and 3
(20%) of the 15 AmpC-producing isolates were multidrug
resistant. For ESBL producers, the most frequent drug resistance was resistance to trimethoprim (71.7%) or cotrimoxazole (65.0%), followed by the quinolones (nalidixic acid
68.3% and ciprofloxacin 35%) (Figure 3). For AmpC-positive
Figure 3. Antimicrobial drug
resistance for extendedspectrum β-lactamase–producing
Enterobacteriaceae isolates from
62 healthy preschool children,
Sweden. Values in parentheses
along the x-axis are percentages.
AMC, amoxicillin/clavulanic
acid; AMK, amikacin; ATM,
aztreonam; CAZ, ceftazidime;
CIP, ciprofloxacin, CTX,
cefotaxime; FEP, cefepime;
FOX, cefoxitin; GEN, gentamicin,
MEL, mecillinam; MEM,
meropenem; NAL, nalidixic
acid; NIT, nitrofurantoin; SXT,
sulfamethoxazole/trimethoprim;
TGC, tigecycline; TOB,
tobramycin; TZP, piperacillin/
tazobactam; TMP, trimethoprim.
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Figure 4. Antimicrobial drug
resistance for AmpC-producing
Enterobacteriaceae isolates from
15 healthy preschool children,
Sweden. Values in parentheses
along the x-axis are percentages.
AMC, amoxicillin/clavulanic acid;
AMK, amikacin; ATM, aztreonam;
CAZ, ceftazidime; CIP, ciprofloxacin,
CTX, cefotaxime; FEP, cefepime;
FOX, cefoxitin; GEN, gentamicin,
MEL, mecillinam; NAL, nalidixic
acid; NIT, nitrofurantoin; SXT,
sulfamethoxazole/trimethoprim;
TGC, tigecycline; TOB, tobramycin;
TZP, piperacillin/tazobactam;
TMP, trimethoprim.

isolates, the pattern was similar but the overall resistance rates
were lower, with the exception of nitrofurantoin (Figure 4).
Consumption of Antimicrobial Drugs

Uppsala County had the second highest number of prescriptions and sales on hospital requisitions in Sweden in
2015: a total of 13.9 defined daily doses/1,000 person-days.
Of these doses, 4.87 defined daily doses/1,000 person-days
were prescribed to children <1–17 years of age and 5.58
defined daily doses/1,000 person-days to children 1–5
years of age. Most (93.5%) of the antimicrobial drugs were
prescribed for outpatients. The most commonly used drug
by children was penicillin V, followed by amoxicillin with
or without clavulanic acid and flucloxacillin (Table).
Discussion
We investigated the carriage rate of ESBL producers in healthy
preschool children and whether preschools might serve as a
reservoir for ESBL producers in Sweden. We analyzed 334
stool samples, and results showed that the prevalence of ESBL-producing Enterobacteriaceae was 16.8% in the study
population, which was a >6-fold increase compared with findings of the study we conducted in 2010 in the same setting and
with identical handling of samples (11). Such a rapid increase
of ESBL producers in a country with a low level of endemicity, and within a relatively infection-prone group with few
treatment options, is worrisome, especially because 58% of
the isolates were multidrug resistant. A similar increase, but
on a lower level (from 4.8% to 10.2%), has been reported for
healthy children in France during 2010–2015 (23).
Studies on fecal carriage of cefotaxime-resistant Enterobacteriaceae for healthy adults have shown widely divergent results, from a few percent up to >90% carriage,
and with a pronounced geographic variation (24). A recent
1878

study in Sweden on elderly persons living in their own
homes showed an ESBL prevalence of 8.7% (25), which
was almost half the prevalence we found in our study.
There are few comparable studies on carriage rates of
ESBL producers for healthy children. Pallecchi et al. reported an increase from 0.1% to 1.7% for children in Bolivia and Peru during 2002–2005 (26), and a study in Portugal
reported a prevalence of 2.7% for healthy children during 2007 (27). Subsequent studies from the Netherlands,
France, Spain, Laos, Lebanon, and Germany have reported
carriage rates of 4.6%–49.6%; the highest prevalences
were 24.8% for preschool children in Laos and 49.6% for
healthy infants in Lebanon (12,23,28–32).
The prevalence of ESBL producers varied between
preschools in this study (0%–80%, median 13% positive
samples). Preschools with high prevalences were found in
all parts of Uppsala, Sweden, as was transmission of ESBL
producers in children. However, transmission was not exclusive for ESBL producers. Cephalosporin-susceptible E.
coli strains were transmitted in all but 1 of the investigated
preschools, which indicated that prerequisites for spread of
ESBL producers were present.
Attendance at preschools and daycare centers has been
shown to increase the risk for transmission of microbes
and gastrointestinal infections (33,34). Furthermore, a recent study in the Netherlands reported an increased risk for
colonization with ESBL producers in household members
if the children attend daycare centers (35). However, Birgy
et al. reported an inverse relationship (23). All participating preschools had uniformly high standards of hygiene,
although we did not study compliance with hygiene guidelines. Close contacts, crowding, difficulty in complying
with basic hygiene routines, and a high likelihood for exposure to antimicrobial drugs, especially third-generation
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Table. Antimicrobial drug use for children <1–17 years of age,
Uppsala County, Sweden, 2015*
Drug
DDD/1,000 person-days
Phenoxymethylpenicillin
2.44
Amoxicillin
0.59
Flucloxacillin
0.56
Amoxicillin/clavulanic acid
0.20
Trimethoprim/sulfamethoxazole
0.18
Cefadroxil
0.16
Erythromycin
0.13
Pivmecillinam
0.08
Clindamycin
0.06
Ceftibuten
0.06
Nitrofurantoin
0.05
Azithromycin
0.05
Ciprofloxacin
0.05
Cloxacillin
0.03
Meropenem
0.02
Cefotaxime
0.02
Metronidazole
0.02
Benzylpenicillin
0.01
Vancomycin
0.01
Piperacillin/tazobactam
0.01

*The following drugs had DDD values <0.01/1,000 person-days:
coxycycline, ampicillin, cefuroxime, ceftazidime, ceftriaxone, ertapenem,
imipenem, ceftaroline fosamil, tobramycin, gentamicin, moxifloxacin,
colistin, daptomycin, rifampin, retapamulin, and fusidic acid. DDD, defined
daily dose.

cephalosporins, for young children (for whom prescriptions
in Uppsala are comparably high in Sweden, but still low in
comparison with international standards) make it plausible
that preschools could act as reservoirs or even hotspots for
ESBL producers. To our knowledge, only 3 studies have
addressed this hypothesis, but results were somewhat contradictory (11,23,30). No larger changes in antimicrobial
drug use were detected in the population included in this
study during 2010–2016. In addition, we believe that it is
less likely that selective pressure is the explanation for the
higher prevalence.
With the exception of 1 AmpC-producing E. coli that
had no close genetic relatedness with isolates from the children, no other cephalosporin-resistant isolate was identified in the environment. Therefore, it is more likely that
the transmission route was person-to-person, rather than
spread from environmental sources. Nevertheless, none of
the strains was ESBL producing or transmitted among >3
children in a preschool. The most common ESBL-producing E. coli strain in the study was ST131 (36). Like all more
frequent STs that were present in >1 preschool, the most
SNPs were in the hundreds or thousands. Therefore, a common source of these strains does not appear likely, except
for the 3 ST131 isolates.
Studies have confirmed a relationship between
ESBL carriage and foreign travel (especially to Southeast Asia), geographic location, recent use of antimicrobial drugs, close contact with ESBL carriers, hospital care, or residency in nursing homes (2,25). Once
colonized, presence of ESBL producers can have a long
duration. Barreto Miranda et al. reported that 25% of

travelers from Germany still carried ESBL producers after 6 months (37). In addition, carriage for as long as 5
years appears to be possible (38). However, it is not yet
known how long carriage can persist in children or if it
differs from carriage in adults.
The fact that our samples were collected anonymously
is a major limitation because we could not evaluate risk
factors such as antimicrobial drugs, hospital care, international travel, siblings, and family conditions. However,
because our objectives were to explore the overall prevalence and possible transmission between attendees, underlying causes for the increase were beyond the scope of the
study, but investigating these causes would be of interest
in a future study. The fact that fecal and environmental
samples were collected 1 month after collection of diapers
is also a limitation. However, detection of ESBL-positive
children, no change in routines, and a low isolation frequency for multidrug resistance makes environmental
spread less likely.
In conclusion, the prevalence of ESBL-producing Enterobacteriaceae was explored for preschool children in
Sweden. Results showed that 16.8% of the children carried
ESBL producers, which was the highest prevalence ever
recorded in Sweden. Toddlers appear to be major carriers
for ESBL producers, and preschools might act as hotspots
for these bacteria.
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During August 2012–November 2014, we conducted a
case ascertainment study to investigate household transmission of influenza virus in Managua, Nicaragua. We
collected up to 5 respiratory swab samples from each of
536 household contacts of 133 influenza virus–infected
persons and assessed for evidence of influenza virus
transmission. The overall risk for influenza virus infection
of household contacts was 15.7% (95% CI 12.7%–19.0%).
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Oseltamivir treatment of index patients did not appear to
reduce household transmission. The mean serial interval for within-household transmission was 3.1 (95% CI
1.6–8.4) days. We found the transmissibility of influenza B
virus to be higher than that of influenza A virus among children. Compared with households with <4 household contacts, those with >4 household contacts appeared to have
a reduced risk for infection. Further research is needed to
model household influenza virus transmission and design
interventions for these settings.

I

nfluenza virus is a respiratory pathogen of major medical and public health concern, causing an estimated 3–5
million cases of severe illness and 250,000–500,000 deaths
annually worldwide (1). Households provide a convenient
and valuable setting for studying the transmission of influenza virus (2–5). Several studies in high-income country
settings suggest that the rate of influenza virus transmission in the household is several-fold higher than that in the
community (3,4). In a study conducted in Vietnam, 26%
of influenza virus infections were acquired in the household (6). The influence of household transmission on influenza epidemics has led to an increased interest in household-based interventions (7–11). However, in low-income
and low-middle–income countries, where nearly half the
world’s population lives, household influenza transmission
has not been well studied. Moreover, estimates of the serial
interval (i.e., time between index case and symptom onset
in secondary infection) are limited to pandemic influenza in
nonhousehold settings (6,12–15). Therefore, a more thorough investigation of household transmission is essential
for the development of effective household-based interventions for the control of pandemic and interpandemic influenza in these settings.
Demographic factors that have been found to influence
influenza transmission include the size of the household,
age of the index patient, and age of contacts (4,6,16–19).
Both household size and population demographics differ dramatically between industrialized and developing
country settings. In Nicaragua, persons from several generations often live in the same household, leading to large
household sizes by high-income country standards. In addition, in 2014, ≈32% of the population of Nicaragua was
<15 years of age, whereas in other countries where influenza household transmission studies have been conducted,
12% 23% of the population was estimated to be in this age
range (5,6,20–22).
To investigate influenza transmission in households,
we performed a case ascertainment study of influenza in
urban households in Managua, Nicaragua. We used an individual-based hazard model to characterize transmission
dynamics within households and estimate factors affecting
influenza transmission.

Materials and Methods
Study Subjects

Index influenza cases were identified at the Health Center
Sócrates Flores Vivas, a primary care facility in Managua, Nicaragua, run by the Ministry of Health of Nicaragua. Index patients were eligible for enrollment if a) they
had influenza-like illness, defined as fever or feverishness
with cough, sore throat, or runny nose; 2) their symptom onset, defined as the earliest day with influenza-like
illness, was within the previous 48 hours; 3) they were
positive for influenza by rapid antigen test or reverse transcription PCR (RT-PCR); 4) no household members had
had symptoms of influenza-like illness in the previous 2
weeks; and 5) they lived with >1 additional person. After
index case enrollment, we conducted a household visit to
enroll patient household contacts, collect initial respiratory and blood samples, and administer questionnaires
to the household and individual household members. We
defined a household as a group of persons living together who shared a kitchen and >1 meal a day. We visited
households 4 additional times (every 2–3 days) to collect
respiratory samples and daily symptom information, and
we collected the final blood sample 30–45 days after index case enrollment.
This study was approved by the institutional review
boards at the Ministry of Health of Nicaragua, the University of Michigan (Ann Arbor, Michigan, USA), and the
University of California, Berkeley (Berkeley, California,
USA). Consent to participate was obtained from all adult
participants, and parental permission was obtained for all
children. Assent was obtained for children >6 years of age.
Laboratory Methods

We stored nasal and throat swab samples at 4°C–8°C and
transported them to the National Virology Laboratory (Managua, Nicaragua) within 12 hours. We tested all samples
for influenza on an ABI 7500 Fast PCR platform (Applied
Biosystems, Foster City, CA, USA) following validated
protocols from the US Centers for Disease Control and
Prevention (Atlanta, GA, USA).
Statistical Analysis

We characterized influenza transmission dynamics within
households and the effects of factors affecting transmission
using an individual-based hazard model (5,17). In the model, the risk for RT-PCR–confirmed infection among household contacts depended on the time from symptom onset of
other infected persons in the household. The hazard (λ) of
infection of person j at time t from an infected household
member i, with symptom onset ti is λi®j (t) = λn × Sj, where
λn is the baseline hazard of household transmission and Sj is
the factors affecting transmissibility.
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The distribution of the serial interval was a discretized
Weibull distribution (23), with probability mass function

where t is the number of days after symptom onset of the
index patient, α is the shape, and γ is the scale parameter for the distribution. The model used to estimate the
distribution included infection of household contacts by
persons inside the household (index cases [i.e., secondary infections] and other infected household members
[i.e., tertiary infections]) and outside the household (i.e.,
community infections). The hazard of infection from the
community was assumed to be constant over the duration
of the follow-up: λj,c (t) = ψ, where ψ is the baseline community risk (5). Therefore, the hazard of infection for a
person j at day t is λj (t) = λj,c (t) + åi λi®j (t), and the
summation involves the infected household contacts of
person j only.
In the transmission model, age group (<18 years vs.
>18 years) and vaccination status of the household contacts were factors that might affect the susceptibility of
household contacts to infection (5,17). In addition, we accounted for the possible differences in transmission related
to the different influenza virus types [influenza A(H1N1),
influenza A(H3N2), and influenza B]; treatment (with vs.
without oseltamivir) of index case; index patient age group
(children ≤5 years of age vs. older children and adults); and
household sizes, hereafter denoted as the preliminary analysis. In addition to these factors, we further explored the
differences in the relative susceptibilities of children and
adults to influenza types A and B, which was represented
by an interaction of age and influenza types in the model.
We considered this analysis the main analysis (online
Technical Appendix, https://wwwnc.cdc.gov/EID/article/
24/10/16-1258-Techapp1.pdf).
We fitted this model into a Bayesian framework, constructed a Markov chain Monte Carlo algorithm, and estimated parameters (24). We used conditional likelihood in the
statistical model to account for the study design feature that
no household contacts had symptom onset at or before the
day of index case enrollment (online Technical Appendix).
To evaluate model adequacy, we conducted a simulation
study with the model to compare the estimated and observed
risks of groups with different characteristics (online Technical Appendix). We performed statistical analyses with R version 3.1.1 (https://cran.r-project.org/) and MATLAB version
7.8.0 (https://www.mathworks.com/products/matlab.html).
Results
During August 2012–November 2014, a total of 168 potential index patients consented to participate in the study.
We excluded 6 households with multiple index cases, 5
1884

households with influenza virus infections of mixed subtypes, and 24 households with index cases that were initially positive for influenza by rapid antigen test but not
confirmed positive by RT-PCR. In total, 133 households
with index cases of influenza virus infection confirmed by
RT-PCR were included in our analysis (Figure 1). At the
initial visit, 541 household contacts were present, and 536
(99%) were enrolled. A total of 2,285 respiratory samples
were collected from household contacts (mean 4.3 respiratory samples/contact). Of the 356 household contacts, 84
(15.7%, 95% CI 12.7%–19.0%) had RT-PCR–confirmed
influenza virus infections (Table 1). Of these, 21 (25%) did
not exhibit symptoms. Influenza transmission was observed
in 52 (39%) households. Of the households with influenza
transmission, 34 had 1 contact with an RT-PCR–confirmed
influenza virus infection, 10 had 2 contacts, and 8 had >3
contacts. Most index cases (76%) were managed with oseltamivir. The average age of index patients was 6.6 (range
0–45) years, and the average age of household contacts
was 24.2 (range 0–87) years. Mean household size was
5.0 (range 2–17) members. Among household contacts,
the overall observed risk for influenza A(H1N1) virus infection was 13.4% (9/67, 95% CI 6.3%–24.0%), influenza
A(H3N2) virus 14.3% (46/322, 95% CI 10.7%–18.6%), and
influenza B virus 19.7% (29/147, 95% CI 13.6%–27.1%).
In the preliminary analysis, we adjusted for age group
of household contacts, vaccination history, index patient
age group, index case treatment status, and household contact number but did not include the interaction of age group
of household contacts and influenza type and subtype. In
this analysis, we found that household contacts of index patients with RT-PCR–confirmed influenza B virus infections
were more likely to get infected than those of index patients
with influenza A(H3N2) virus infections (relative infectivity 1.71, 95% CI 1.08–2.80) or influenza A(H1N1) virus
infections (relative infectivity 1.56, 95% CI 0.75–3.43).
In the main model, we included the interaction of age
group of household contacts and influenza type, which

Figure 1. Timeline of enrollment of index cases of PCR-confirmed
monoinfections of seasonal influenza A(H1N1) virus, influenza
A(H3N2) virus, or influenza B virus, Managua, Nicaragua, August
2012–November 2014. Only the index cases included in the final
analysis are shown.
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Table 1. Characteristics of influenza virus–infected index cases-patients and household contacts, Managua, Nicaragua, August 2012–
November 2014*
Influenza type, no./total (%)
Characteristic
A(H1N1)
A(H3N2)
B
Total, no. (%)
Index patients
16
80
37
133
Age, y
<5
10 (63)
52 (65)
15 (41)
77 (58)
5 (31)
23 (29)
21 (57)
49 (37)
618
>18
1 (6)
5 (6)
1 (3)
7 (5)
Sex
F
6 (38)
36 (45)
17 (46)
59 (44)
M
10 (63)
44 (55)
20 (54)
74 (56)
Prior vaccination
Yes
1 (6)
2 (3)
3 (8)
6 (5)
No
15 (94)
78 (98)
34 (92)
127 (95)
Oseltamivir treatment
Yes
16 (100)
53 (66)
32 (86)
101 (76)
No
0
27 (34)
5 (14)
32 (24)
No. household contacts
1–3
6 (38)
44 (55)
23 (62)
73 (55)
4–5
5 (31)
19 (24)
6 (16)
30 (23)
>5
5 (31)
17 (21)
8 (22)
30 (23)
No. secondary cases in household
0
10 (63)
54 (68)
17 (46)
81 (61)
1
4 (25)
16 (20)
14 (38)
34 (26)
2
1 (6)
4 (5)
5 (14)
10 (8)
>2
1 (6)
6 (8)
1 (3)
8 (6)
Household contacts
67
322
147
536
Age, y
<18
30 (45)
147 (46)
64 (44)
241 (45)
>18
37 (55)
175 (54)
83 (56)
295 (55)
Sex
F
46 (69)
202 (63)
94 (64)
342 (64)
M
21 (31)
120 (37)
53 (36)
194 (36)
Prior vaccination
Yes
3 (4)
9 (3)
20 (14)
32 (6)
No
64 (96)
313 (97)
127 (86)
504 (94)
With confirmed infection
Overall
9/67 (13)
46/322 (14)
29/147 (20)
84/536 (16)
<18 y†
3/30 (10)
33/147 (22)
21/64 (33)
57/241 (24)
>18 y†
6/37 (16)
13/175 (7)
8/83 (10)
27/295 (9)
No. confirmed infections without reported symptoms
Overall
2/9 (22)
15/46 (33)
4/29 (14)
21/84 (25)
<18 y†
2/3 (67)
11/33 (33)
3/21 (14)
16/57 (28)
>18 y†
0/6
4/13 (31)
1/8 (13)
5/27 (19)
*Not all percentages add up to 100% because of rounding.
†The denominator is the number of infected household contacts in the corresponding age group.

accounted for the difference in relative susceptibility between
children and adults for influenza A and influenza B. Using
this model, we found no differences in risk for infection
between influenza A(H3N2) virus and influenza A(H1N1)
virus or influenza B virus (Table 2). This finding suggested
that the observed increased susceptibility to infection with
influenza B virus could be explained by an interaction between age of household contacts and influenza type; in other
words, child contacts were more susceptible to infection
with influenza B virus than influenza A virus, and among
adult contacts, the risk for infection with influenza A virus
was similar to the risk for infection with influenza B virus.
We estimated that child household contacts (<18 years
of age) were more susceptible to RT-PCR–confirmed influenza A virus infection than adult contacts (>18 years
of age) (relative susceptibility 2.26, 95% CI 1.38–3.88),

and child contacts were more susceptible to RT-PCR–confirmed influenza B virus infection than adult contacts (relative susceptibility 4.47, 95% CI 2.05–11.02). Because there
were only 7 adult index patients (Table 1), we could not
explore potential differences in infectivity of child versus
adult cases. However, we did explore relative infectivity
of younger children (<5 years of age) versus older children
and adults; the estimated relative infectivity of younger
children was 1.55 (95% CI 0.98–2.45) (Table 2).
We found no statistically significant association between oseltamivir treatment of index patients and risk for
infection among household contacts (risk ratio 0.69, 95% CI
0.42–1.12). We estimated vaccine effectiveness among vaccinated household contacts as 54% (95% CI -32% to 89%).
Household contacts of index patients having >4 household
contacts had ≈30% 40% lower risk for infection than those
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Table 2. Factors affecting influenza transmission in urban
households, Managua, Nicaragua, August 2012–November 2014
Characteristics
Risk ratio (95% CI)
Influenza type
A(H3N2)
Referent
A(H1N1)
1.18 (0.5–2.42)
B
0.96 (0.4–2.15)
Age of household contact, y
>18
Referent
<18 for influenza A
2.26 (1.38–3.88)
<18 for influenza B
4.47 (2.05–11.02)
Prior vaccination of household contact
No
Referent
Yes
0.46 (0.11–1.32)
Age of index patient, y
<5
Referent
>5
1.55 (0.98–2.45)
Oseltamivir treatment of index case
No
Referent
Yes
0.69 (0.42–1.12)
No. household contacts
1–3
Referent
4–5
0.60 (0.30–1.10)
>5
0.69 (0.37–1.18)

of index patients having <4 household members, but this
difference was not statistically significant (Table 2; online
Technical Appendix Table). We estimated that the mean

serial interval for within-household transmission was 3.1
(95% CI 1.6–8.4) days (SD 2.0 [95% CI 0.4–10.8] days).
We performed simulation studies to assess the adequacy of our model (Figure 2). The median estimated risks for
infection among groups from the 10,000 simulated household epidemics were close to the risks observed, suggesting
our model provided a reasonable fit of the data.
Discussion
We describe the results from a case ascertainment study of
influenza transmission in urban households of Nicaragua.
In this setting, we found the mean serial interval for withinhousehold influenza transmission to be 3.1 days. We further
observed an overall risk for RT-PCR–confirmed influenza
virus infection of ≈16% among household contacts of index
patients with RT-PCR–confirmed influenza virus infections,
despite high oseltamivir treatment of index patients (76%).
We found evidence that influenza B virus was more
transmissible than influenza A virus, which was explainable by higher transmissibility of this virus among children
(Table 2). As expected, children were more susceptible to
influenza A and influenza B than adults in our study, presumably because of lower levels of preexisting immunity

Figure 2. Observed and estimated risks for influenza virus infection of household contacts of index patients with reverse transcription
PCR–confirmed influenza virus infections, by characteristic, Managua, Nicaragua, August 2012–November 2014. We estimated risk for
infection by performing simulations using a multivariate model fitted to the collected data. Estimates represent 10,000 simulated epidemics
in households with a structure that matched exactly that of the observed household. Points indicate medians, and bars represent the 2.5%–
97.5% ranges of those 10,000 simulations. Risks for infection are shown for A) child and adult household contacts with influenza A virus
infection or influenza B virus infection; B) virus type and subtype; C) vaccinated and nonvaccinated household contacts; D) household
contact number; E) age group; and F) household contacts of index patients who were and were not treated with oseltamivir.
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and different contact patterns (25). This finding is consistent with those of other studies (4,6,16,17). However, a
large randomized controlled trial in households in Thailand
did not observe significant differences between children
and adults in risk for influenza virus infection (10).
We did not detect a significant effect for oseltamivir
treatment of index patients on influenza transmissibility.
This observation is consistent with several other household transmission studies that have found that oseltamivir
treatment decreases the infectious period but does not have
a statistically significant effect on the secondary attack
rate of laboratory-confirmed influenza (19,26,27). However, other studies have shown a reduction in household
transmission from index patients treated with oseltamivir
(28,29). In a review, about half of household transmission
studies reported a significant association between index
case oseltamivir treatment and reduction in transmission in
households, suggesting this issue is still unresolved (30).
On the other hand, our study might be underpowered to
detect this association, considering that 76% of the index
patients were treated with oseltamivir.
We did not observe that vaccination had a significant
effect on influenza transmission in the household. However, the proportion of contacts vaccinated in this study was
low (5%), and thus, the study was underpowered to detect
vaccine effectiveness in this population.
We did not find a statistically significant association between risk of acquiring an infection and number of
household contacts, although the point estimate suggests
that the risk for infection among household contacts of
index patients with >4 household contacts was 30%–40%
lower than those of index patients with <4 household contacts. This association has also been reported in other studies. The absence of this association in a study might indicate insufficient sample size (4–6).
We estimated the mean serial interval for influenza in
households in Nicaragua to be 3.1 days. This estimate is
similar to those found in other settings, such as Hong Kong,
where the mean serial interval estimate for influenza A was
3.2–3.6 days (16,21,22); Thailand, where the estimate was
3.3–3.7 days, depending on the type and subtype of influenza (31); and Michigan, where the mean serial interval reported was 3.2 days (32). In a review of influenza A(H1N1)
pdm09 virus transmission, the mean serial interval was estimated to be 2.6 days (33).
A major strength of our study was the collection of up
to 5 respiratory samples from each household contact, regardless of whether they had symptoms, for 9–12 days after
index case identification. However, our study has several
limitations, the most notable being that we enrolled index
influenza cases only among persons seeking medical care.
This aspect of the study design could have biased the study
toward sicker than average index patients, which could

have inflated our influenza transmission estimate. Also, because adults tend to seek treatment later in their illnesses
than children and enrollment was limited to index patients
who sought treatment <2 days after symptom onset, our
study was overrepresented by index cases in children. This
enrollment criterion could have also led to an increase in
the intensity of transmission and shortened the observed
serial interval of transmission (4). Last, not enough adult
index cases were enrolled to examine whether child index
cases might be more infectious than adult index cases.
In summary, in this household transmission study of
influenza in Managua, Nicaragua, we observed a high secondary attack rate of influenza and a serial interval within
the range of those observed in high-income country settings. Our findings extend the relatively limited knowledge
available regarding influenza transmission in low-middle–
income countries. Further research is needed to investigate
how household conditions affect influenza transmission and
to design household-based interventions in these settings.
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Non-cyp51A Azole-Resistant
Aspergillus fumigatus
Isolates with Mutation in
HMG-CoA Reductase
Daisuke Hagiwara,1 Teppei Arai,1 Hiroki Takahashi, Yoko Kusuya, Akira Watanabe, Katsuhiko Kamei

The recent increase in azole-resistant Aspergillus fumigatus is a global concern. Identifying the mutations that confer
azole resistance is essential for developing novel methods for prompt diagnosis and effective drug treatment. We
screened A. fumigatus clinical isolates for novel mutations
conferring azole resistance. We compared the genomic sequences of susceptible and resistant isolates without mutations in cyp51A (non-cyp51A) and found mutations in hmg1
and erg6 involved in ergosterol biosynthesis. We also found
the novel mutations in these genes in azole-resistant isolates with different genetic backgrounds. The resistant isolates with mutations in hmg1 showed increased intracellular
ergosterol levels compared with susceptible isolates. This
finding supports the concept that the ergosterol level is a
determinant for resistance to any class of azoles. Multiple
isolates with increased resistance to azole possessed a mutation in hmg1, indicating that this mutation is widely present
in non-cyp51A azole-resistant A. fumigatus.

spergillus fumigatus is known as an opportunistic
pathogen of fungal infection and causes a high mortality rate among immunosuppressed patients (1,2). Azole
drugs are considered the first-line therapy in various diseases of aspergillosis. The recent increase of azole drugresistant A. fumigatus is a major limitation of therapeutic
strategies in clinical settings and a concern throughout the
world (3). Most azole-resistant strains harbor a mutation in
the cyp51A gene, encoding a target protein for azole drugs
(4). The point-mutated Cyp51A has lower binding affinity
to azole drugs, causing azole resistance in these strains (5).
The amino acid substitution in Cyp51A protein is thought
to occur during azole therapy inside hosts. In addition, 34
bp or 46 bp of tandem repeats in the promoter region of cyp51A cause azole resistance (6). The high incidence of such
tandem repeat–type resistant strains is alarming (7), and it
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is widely accepted that the tandem repeat–type resistant
mechanism is derived from exposure to azole fungicides in
the environment (8). Whereas such cyp51A-related azoleresistant strains have been reported frequently in the past
10 years, strains without any mutation in the cyp51A gene
showing low susceptibility to azole drugs have, to some
extent, been isolated (9). Which mutation leads to azole
resistance has thus far been determined in only a few noncyp51A azole-resistant strains. For a deeper and broader
understanding of the molecular mechanisms underlying resistance to antifungal drugs, the non-cyp51A azole-resistant
strains have become the focus of attention.
The cdr1B gene, encoding an ABC transporter, plays
a role in azole resistance. Deletion of the gene resulted
in azole-sensitive phenotypes (10), and an azole-resistant
strain with constitutive expression of cdr1B has been isolated from a patient (11). The expression of cdr1B is dependent on AtrR, a recently characterized transcriptional factor
(12), but the reason for the constitutive expression remains
unclear. A strain showing azole resistance with a mutation
(P88L) in the hapE gene has also been isolated; the mutation was discovered by genome comparison between azoleresistant strains and corresponding susceptible strains (13).
A recent study showed that HapE forms a CCAAT binding
complex, which plays a role in the negative regulation of
cyp51A expression. The amino acid substitution in HapE
(P88L) resulted in increased cyp51A expression and consequent azole resistance (14).
These studies provided convincing evidence of the
roles of Cdr1B and HapE in azole adaptation in A. fumigatus. However, each of these mutations has been reported
only once in clinical isolates. Furthermore, a large portion
of the non-cyp51A azole-resistant A. fumigatus strains have
yet to be investigated to determine which genes and mutations could be responsible for azole resistance. To fill a gap
in our understanding of the mechanism for azole resistance
in the non-cyp51A strains, we searched for mutations in a
1

These authors contributed equally to this article.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

1889

RESEARCH

series of isolates derived from a single patient in Japan who
had chronic pulmonary aspergillosis (CPA) and isolates
from other patients with and without azole resistance.
Materials and Methods
A. fumigatus Strains

All clinical isolates used in this study were preserved at
Chiba University Medical Mycology Research Center
(Chiba City, Japan). We obtained 19 isolates from a patient
at hospital C who had CPA (Tables 1, 2), 3 isolates (IFM
63768, IFM 63666, and IFM 63772) from another CPA patient at hospital C on different days, and additional isolates
from 3 other patients with CPA at different hospitals (IFM
62140 at hospital K, IFM 64258 at hospital I, and IFM
64303 at hospital T). We also obtained 16 azole-susceptible
clinical isolates (Table 3) from respiratory samples (sputa,
pleural effusion, lung tissues, or bronchoalveolar fluids) or
pus from a subcutaneous abscess from patients with aspergillosis in various hospitals in Japan.
Microsatellite Genotyping

For genotyping, we PCR amplified and sequenced 6 loci
of ≈400 bp from all of the isolates as described previously
(15). We counted the repeat numbers of each region (2A,
2B, 2C, 3A, 3B, 3C, 4A, 4B, and 4C) from the sequence.
Antifungal Susceptibility Testing

We performed antifungal susceptibility testing as described
previously (16). In brief, we performed tests in triplicate
using amphotericin B (AMPH), itraconazole (ITCZ), voriconazole (VRCZ), and posaconazole (PSCZ) in RPMI
1640 medium (pH 7.0) at 35°C, according to the Clinical and Laboratory Standards Institute reference method

for broth microdilution (https://clsi.org/standards/products/
microbiology/documents/m38), with partial modifications
using the dried plate for antifungal susceptibility testing
(Eiken Chemicals, Tokyo, Japan).
Sequencing cyp51A, erg6, and hmg1 Genes

To detect mutations in cyp51A, erg6, and hmg1 genes,
we performed PCR amplification and sequenced these regions using appropriately designed primers (online Technical Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/24/10/18-0730-Techapp1.pdf). We performed sequence variant detection by comparison with reference sequences from GenBank and Fungi DB (http://fungidb.org/
fungidb/) (GenBank accession no. AF338659 for cyp51A,
Fungi DB accession nos. AFUB_020770 for hmg1, and
AFUB_099400 for erg6).
Whole-Genome Sequencing

We performed whole-genome sequencing by using nextgeneration methods as described previously (15). In brief,
we extracted genome DNA from overnight-cultured mycelia by DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) or by phenol-chloroform extraction and Nucleobond
AXG column (TaKaRa, Kusatsu, Japan) with Nucleobond
Buffer Set III (TaKaRa). For analyzing IFM 60814 and
IFM 63240, we prepared a fragmented DNA library by
using a Nextera DNA sample preparation kit according to
the manufacturer’s instructions (Illumina, San Diego, CA).
The mean length of the libraries was 376–674 bp. We performed sequencing in a paired-end 2 × 150 bp mode on a
MiSeq system (Illumina). For analyzing IFM 63666 and
IFM 63768, we prepared a fragmented DNA library using
KAPA HyperPlus Library Preparation Kit (Kapa Biosystems, Wilmington, MA) according to the manufacturer’s

Table 1. Number of short tandem repeats in Aspergillus fumigatus isolates from a single patient in Japan*
Short tandem repeats
Isolate
Date isolated
IFM no.
(isolate set)
2A
2B
2C
3A
3B
3C
60814
2011 Sep (1st)
21
20
16
39
13
24
62916
2014 Sep (2nd)
21
20
16
39
13
24
63240
2014 Nov (3rd)
21
20
16
39
13
25
63241
21
20
16
39
13
25
63242
21
20
16
39
13
25
63243
21
20
16
39
13
25
63248
2015 Jan (4th)
21
20
16
39
13
24
63249
21
20
16
39
13
25
63537
2015 Jul (5th)
21
20
16
39
13
24
63594
2015 Sep (6th)
21
20
16
39
13
24
63595
21
20
16
39
13
24
63596
21
20
16
39
13
24
63711
2015 Dec (7th)
21
20
16
39
13
24
63712
21
20
16
39
13
24
63713
21
20
16
39
13
24
63714
21
20
16
39
13
24
64138
2016 Apr (8th)
21
20
16
39
13
24
64139
21
20
16
39
13
24
64173
2016 May (9th)
21
20
16
39
13
24
*IFM, Institute of Food Microbiology (now Medical Mycology Research Center), Chiba University, Chiba City, Japan.
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4A
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

4B
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

4C
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
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Table 2. Characteristics of Aspergillus fumigatus isolates from a single patient in Japan*
MIC, mg/L
Isolate
Date isolated
MCFG MEC,
IFM no.
(isolate set)
mg/L
AMPH
ITCZ
VRCZ
PSCZ
60814
2001 Sep (1st)
<0.015
0.5
0.5
0.5
1
62916
2014 Sep (2nd)
<0.015
0.5
>8
>8
8
63240
2014 Nov (3rd)
<0.015
1
>8
>8
4
63241
<0.015
0.5
>8
>8
8
63242
<0.015
1
>8
>8
8
63243
<0.015
1
>8
>8
8
63248
Jan 2015 (4th)
ND
ND
ND
ND
ND
63249
<0.015
1
4
8
8
63537
2015 Jul (5th)
<0.015
1
>8
8
8
63594
2015 Sep (6th)
<0.015
1
>8
>8
8
63595
<0.015
1
>8
>8
>8
63596
<0.015
1
>8
>8
8
63711
2015 Dec (7th)
ND
ND
ND
ND
ND
63712
ND
ND
ND
ND
ND
63713
ND
ND
ND
ND
ND
63714
<0.015
1
>8
8
4
64138
2016 Apr (8th)
ND
ND
ND
ND
ND
64139
ND
ND
ND
ND
ND
64173
2016 May (9th)
<0.015
0.5
>8
8
4

Gene with mutation
Cyp51
Hmg1
Erg6
–
–
–
G448S
S269F
E49K
–
S269F
A350T
–
S269F
A350T
–
S269F
A350T
–
S269F
A350T
–
S269F
E49K
G448S
S269F
E49K
–
S269F
A350T
–
S269F
A350T
G448S
S269F
E49K
–
S269F
A350T
–
S269F
E49K
G448S
S269F
E49K
G448S
S269F
E49K
–
S269F
E49K
–
S269F
E49K
G448S
S269F
E49K
–
S269F
A350T

*AMPH, amphotericin B; IFM, Institute of Food Microbiology (now Medical Mycology Research Center), Chiba University, Chiba City, Japan; ITCZ,
itraconazole; MCFG, micafungin; MEC, minimal effective concentration; ND, not determined; PSCZ, posaconazole; VRCZ, voriconazole; –, no mutation.

instructions. We performed sequencing in a paired-end 2 ×
300 bp mode on a MiSeq system (Illumina).
Single-Nucleotide Variant Detection

To search for single-nucleotide polymorphisms (SNPs) between IFM 60814, the first isolate obtained, and IFM 63240–
63243, the third set of isolates, we performed read-mapping
and SNP detection using CLC Genomics Workbench (CLC
bio, Aarhus, Denmark). In brief, we trimmed the reads from
each isolate and mapped them to the Af293 reference genome.
By comparing them with the Af293 sequence, we detected
sites with SNPs in IFM 60814, IFM 63240, IFM 63241, IFM
63242, and IFM 63243. We also compared the sets of varied
sites between IFM 60814 and IFM 63240–63243. We considered the unique sites common in IFM 63240–63243 to be
the SNPs between the first isolate and the third set of isolates.

We cleaned the read datasets of IFM 63666 and
IFM 63768 using Trimmomatic version 0.33 (17). We
trimmed reads to generate de novo assembly of the draft
genome of IFM 63666 using Platanus version 1.2. 4 with
default parameters (18). We performed annotation of all
predicted open reading frames of the draft genome using
AUGUSTUS version 2.5.5 (19). For nucleotide differences between IFM 63666 and IFM 63768, we mapped
the trimmed reads of IFM 63768 to the draft genome
of IFM 63666 using SMALT version 0.7.6 (http://www.
sanger.ac.uk/science/tools/smalt-0). We identified SNPs
using SAMtools version 0.1.19–44428cd (20) and filtered with >10-fold coverage, >30 mapping quality,
and 75% consensus using in-house scripts (21,22). We
annotated the functional effect of SNPs with SnpEff
version 4.1l (23).

Table 3. Characteristics of azole-susceptible isolates of Aspergillus fumigatus in Japan*
MIC, mg/L
Gene with mutation
Isolate
MCFG MEC,
IFM no.
mg/L
AMPH
ITCZ
VRCZ
hmg1
erg6
3A
49435
<0.015
1
0.25
0.25
–
–
52
50268
<0.015
0.5
0.25
0.125
–
–
14
50669
<0.015
1
0.5
0.25
–
–
12
50999
<0.015
1
0.5
0.5
–
–
33
51748
<0.015
0.5
0.125
0.125
–
–
26
51977
<0.015
1
0.25
0.25
–
–
25
57130
<0.015
1
0.25
0.125
–
–
47
58402
<0.015
1
0.5
0.5
–
–
27
60065
<0.015
1
1
0.5
–
–
15
60516
<0.015
1
1
1
–
–
22
60901
<0.015
1
0.5
0.5
H564Y
–
23
61572
<0.015
1
0.5
0.5
–
–
59
61960
<0.015
1
0.5
0.5
–
–
27
62674
<0.015
1
1
2
–
–
35
62709
<0.015
1
0.5
0.5
–
–
38
62821
<0.015
1
0.5
0.25
–
–
37

3B
17
10
18
12
11
9
21
10
17
11
28
19
11
10
18
14

Short tandem repeats
3C
4A
20
10
11
13
20
16
37
11
29
25
7
12
19
10
5
9
17
17
7
16
21
8
7
10
35
10
14
16
7
10
7
10

4B
11
9
9
9
10
11
11
9
16
11
11
14
9
10
14
11

*AMPH, amphotericin B; IFM, Institute of Food Microbiology (now Medical Mycology Research Center), Chiba University, Chiba City, Japan; ITCZ,
itraconazole; MCFG, Micafungin; MEC, minimal effective concentration; VRCZ, voriconazole; –, no mutation.
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11
10
5
5
8
17
5
5
10
8
10
8
10
10
9
10
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Growth Test for Ergosterol-Related Inhibitors

We performed disk diffusion assay using the protocol described by Qiao et al. (24). We spread a 200-µL suspension
(1 × 106 conidia/mL) of each of the tested isolates uniformly onto YGA (glucose 2%, yeast extract 0.5%, agar 2%,
trace element). We impregnated blank paper disks 8 mm in
diameter with 2.5 µg amphotericin B, 100 µg nystatin, or
40 µg lovastatin and placed the disks onto the center of the
inoculated agar plates. We incubated the plates at 37°C and
measured the diameters of the zones of inhibition 48 hours
later. We performed each assay 3 times and calculated the
mean diameter.
Ergosterol Quantification

We conducted total ergosterol extraction using the protocol described by Arthington-Skaggs et al. and AlcazarFuolietal (25,26). We cultured A. fumigatus isolates for 20
h in glucose minimal medium. We harvested mycelia by
filtration, washed them with sterile water, and then dried
and weighed them. We added 3 mL of 25% alcoholic potassium hydroxide solution to dried mycelia and mixed
for 1 min, then incubated the mixture in an 80°C water
bath for 1 h. After incubation, we added water and 3 mL
of pentane and mixed for 3 min. We transferred the upper
pentane layer to a clean glass tube for evaporation. We
dissolved the dried samples in 1 mL of methanol and filtered it through a 0.22-µm pore size membrane filter. We
analyzed ergosterol content using the Shimadzu LC-20A
system (Shimadzu, Kyoto, Japan) with COSMOSIL 5C18MS-II column (4.6 mm ID × 100 mm; Nacalai Tesque,
Kyoto, Japan). We established a flow rate of 1 mL/min of
acetonitrile to water (95:5 vol/vol). We used peak areas
and heights recorded at a 254-nm wavelength in an RF20Axs (Shimadzu) for quantification, expressing total ergosterol concentration as µg ergosterol per mg fungal dry
weight. We repeated each experiment >3 times.
Construction of Mutant Erg6, Hmg1, and
Cyp51A Expressed Strains

To construct transformants expressing erg6, hmg1, or
cyp51A with the mutation, we cloned the alleles using
the shuttle vector pPTR I (Takara Bio, Otsu, Japan) and
GeneArt Seamless Cloning and Assembly Kit (Invitrogen, Tokyo, Japan). Primers used for the cloning are listed
in online Technical Appendix Table 2. We used genome
DNAs of IFM 60814 (for wild-type [WT] gene) and IFM
63240 (for mutated allele) as templates to clone the alleles. The resultant plasmids were pPTRI-erg6WT, pPTRIhmg1WT, pPTRI-cyp51AWT, pPTRI-erg6A350T, pPTRIhmg1S269F, and pPTRI-cyp51AG448S, which we used for
transformation of isolate IFM 60814. After selection with
pyrithiamine, we verified the sequences of each gene of the
candidate transformants by Sanger sequencing.
1892

Results
Multiazole Resistant Strains from a Single Patient

We recovered a total of 19 A. fumigatus isolates from 1 patient on 9 testing dates during September 2011–May 2016
(Tables 1, 2). Microsatellite analysis showed almost identical short tandem repeats across the isolates, derived from
a genetically clonal background. The patient started treatment with VRCZ after the first isolation of A. fumigatus in
September 2011. Whereas the first isolate (IFM 60814) was
susceptible to antifungal drugs including ITCZ, VRCZ,
and PSCZ, later isolates showed resistance to the azoles
(MICs: ITCZ, 4 to >8; VRCZ, 8 to >8; PSCZ, 4 to >8).
By sequencing the cyp51A gene, we found amino acid
substitution G448S IFM 62916 (second isolation date),
IFM63248 (fourth isolation date), IFM63595 (sixth isolation date), IFM63712 (seventh isolation date), IFM63713
(seventh isolation date), and IFM64139 (eighth isolation
date). These isolates were most likely resistant to VRCZ
as a result of the G448S mutation, which has been reported
to confer VRCZ resistance in A. fumigatus. However, the
multiazole resistance mechanism in the isolates with no
G448S mutation remained unknown. The growth of isolate
IFM 62916 was markedly impaired with glucose minimal
medium and potato dextrose agar, whereas the isolates
from the third isolation date also showed a moderately delayed growth compared with those of the first strain (online
Technical Appendix Figure 1).
Genome-Wide Sequence Comparison of
Azole-Susceptible and Azole-Resistant Isolates

To gain insight into the multiazole resistance mechanism in
the non-cyp51A strains, we sequenced the genomes of the
isolates from the first (IFM 60814) and third (IFM 63240–
63243) testing dates by next-generation sequencing. Compared with IFM 60814, IFM 63240–63243 commonly
showed 7 nonsynonymous mutations, including 6 SNPs (4
amino acid substitutions and 2 nonsense mutations, which
generate termination codon) and a 1-bp deletion resulting
in a frame shift of the protein (online Technical Appendix
Table 2). The 6 genes with mutations included erg6, encoding sterol 24-C-methyltransferase and hmg1, encoding
hydroxymethylglutaryl-CoA (HMG-CoA) reductase. The
mutation of erg6 (A350T) resided in a Sterol_MT_C domain (PF08498) in the C-terminus, whereas the mutation
of hmg1 (S269F) was located at the beginning of the sterolsensing domain (PF12349) (online Technical Appendix
Figure 2). Because both of these genes are functionally related to the ergosterol biosynthesis pathway, we assumed
that these mutations affect ergosterol biosynthesis and the
consequential azole resistance in the strains.
We examined the rest of the isolates from the patient for
mutations in the hmg1 and erg6 genes. Despite the presence
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of A350T, we identified E49K in the erg6 gene in several
isolates, whereas Hmg1 S269F existed in all isolates tested
(Tables 1, 2). These results indicate that all of the isolates
showing multiazole resistance had mutations in both hmg1
and erg6 genes, regardless of the mutation in cyp51A gene.
Different Ergosterol Levels in
Multiazole-Resistant Isolates

We investigated the phenotypes associated with the ergosterol biosynthesis pathway in IFM 63240, a representative
of the isolate from the third testing day. Disk diffusion assay showed that this isolate was more sensitive to polyene
drugs, amphotericin B, and nystatin, suggesting that ergosterol production might be differentially regulated (Figure
1). The ergosterol content in the cells, measured by HPLC,
showed significant increase (p = 0.0145) in the third set of
isolates compared with the first isolate (Figure 2, panel A).
At the same time, we found no differences between the first
and third isolates regarding sensitivity to terbinafine, which
interferes with the early stage of ergosterol biosynthesis,
and fenpropimorph, which inhibits ergosterol biosynthesis (data not shown). Of note, the isolate from the third set
showed increased sensitivity to lovastatin, an inhibitor of
HMG-CoA reductase (Figure 1).

Figure 1. Growth inhibition by lovastatin and polyene drugs
in azole-susceptible and azole-resistant Aspergillus fumigatus
isolates from a patient in Japan. Growth inhibition tests were
conducted by disk assay. IFM 60814 is a susceptible isolate
identified on the first date of testing; IFM 63240 is a resistant
isolate identified on the third date of testing, with mutations in
hmg1. The results of repeated experiments are expressed as
mean ± SD (error bars).

Figure 2. Total ergosterol content of azole-susceptible and
azole-resistant Aspergillus fumigatus isolates in Japan.
Ergosterol was quantified in the sets of IFM 60814, a
susceptible isolate identified on the first date of testing, and
IFM 63420, a resistant isolate identified on the third date
of testing, both from 1 patient (A); and IFM 63666, IFM
63768, and IFM 63772, all isolated from other patients in the
same hospital (B). The results of repeated experiments are
expressed as mean ± SD (error bars). The significance of total
ergosterol content was determined by the Student
t-test (unpaired, unequal variance). A p value <0.05 was
considered significant.
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Evaluation of Mutant erg6 and hmg1 by Transformation

Considering the different level of ergosterol biosynthesis
in the third set of isolates, we wanted to determine whether
the mutation in erg6 and/or hmg1 genes was responsible for
the phenotypes (i.e., sensitivity to polyenes and resistance
to azoles). To address this question, we constructed the isolates carrying these mutant alleles as well as the corresponding wild-type gene by introducing erg6A350T or hmg1S269F
into the first strain (hereafter designated as 1st+erg6A350T
and 1st+hmg1S269F). These mutant alleles were ectopically
expressed in the transformed strains. We also constructed
the strain carrying cyp51AG448S (1st+cyp51AG448S) for verification of the role of the mutation in azole resistance as
previously reported (27). The MICs for azoles were determined in these strains (Table 4), showing that introducing
erg6A350T or hmg1S269F did not affect susceptibility to azoles,
whereas the cyp51AG448S conferred resistance to VRCZ.
Mutations in erg6 and hmg1 in Other Non-cyp51A
Azole-Resistant Isolates

We studied whether the other non-cyp51A azole-resistant
isolates possess mutations in erg6 or hmg1. Over the past
decade, we have collected clinical azole-resistant A. fumigatus strains in Japan: 4 non-cyp51A azole-resistant isolates
(IFM 62140, IFM 64258, IFM 64303, and IFM 63768)
showing a VRCZ MIC of >8 (Table 5). Each isolate was
from a patient who had a history of treatment with VRCZ
before isolation. Although IFM 64303 has no mutations in
erg6 and hmg1 genes, the other 3 isolates possessed different mutations in erg6 and/or hmg1. IFM 62140 had erg6A75S
and hmg1F261_del, IFM 63768 had hmg1S269Y, and IFM 64258
had erg6V206A and hmg1F390Y, which were different from the
pattern observed in IFM 63240. These results suggested a
potential link between azole resistance and the mutations
in erg6 and hmg1 genes. Notably, IFM 63768 and IFM
63240 had a mutation in Hmg1 at S269 in which serine
was substituted by different amino acids (i.e., Hmg1S269Y
and Hmg1S269F). To investigate the possibility that such
mutations are just frequently occurring polymorphisms we
sequenced erg6 and hmg1 in 16 azole-susceptible isolates.
We did not find mutation in erg6, although 1 of the 16
isolates, IFM 60901, had a hmg1H564Y mutation (Table 3).
We did not find the mutations hmg1S269F/Y, hmg1F261_del, and
hmg1F390Y in the azole-susceptible isolates. These results

suggest that the mutations in erg6 and hmg1 found in the
azole-resistant isolates are not mere polymorphisms in A.
fumigatus but can be implicated in azole resistance.
Comparing Genome Sequences of Non-cyp51A
Azole-Resistant Isolate and Corresponding Isolates

In our collection, an azole-susceptible isolate (IFM 63666)
was isolated 2 months before isolation of azole-resistant
IFM 63768 (hmg1S269Y) from the same patient. The 2 isolates
shared the same short tandem repeats, indicating a clonal
lineage. We then sequenced the genomes of IFM 63768 and
IFM 63666. Comparing the genome sequences, we discovered only 1 nonsynonymous mutation other than hmg1S269Y
in IFM 63768, which was I395M in Afu4g04290 encoding a putative histone H4 deacetylase protein. Although
we could not see the effect of the mutation in Afu4g04290,
this result supported the possibility that Hmg1S269Y is the
determinant for azole resistance in this isolate. We compared ergosterol levels in the cells between IFM63768 and
IFM 63666 and found an increased amount in IFM 63768
with hmg1S269Y (Figure 2, panel B). We isolated IFM 63772
from the same patient in addition to these isolates, and it
showed moderate resistance to VRCZ, resistance to PSCZ,
and no mutations in erg6 and hmg1 (Table 5). The amount
of ergosterol in IFM 63772 was comparable to that of IFM
63666 (Figure 2, panel B).
Discussion
The emergence of drug-resistant fungal strains has been
on the rise in recent years, leading to a serious situation.
Azole-resistant strains occurring during the course of therapy have been increasingly reported all over the world since
the early discovery of an ITCZ-resistant strain (5). Some
studies have shown that there are many azole-resistant A.
fumigatus strains without mutation in cyp51A gene, and the
molecular mechanisms underlying resistance in the strains
remain unstudied (28–30). This finding indicates that many
unclear molecular mechanisms related to azole resistance
still exist.
In this study, we screened novel mutations conferring
resistance by comparing the genomic sequences of susceptible and resistant strains isolated from the same patient.
We found mutations in hmg1 and erg6, encoding enzymes
Hmg1 and Erg6, respectively, which are involved in

Table 4. Antifungal susceptibility test of mutants of erg6 and hmg1 from Aspergillus fumigatus isolates in Japan by transformation*
MIC, mg/L
MCFG MEC,
Strain
Genotype
mg/L
AMPH
ITCZ
VRCZ
MCZ
PSCZ
1st+erg6WT
cyp51A, erg6, +erg6WT, hmg1
<0.015
2
1
1–2
2
1–4
1st+erg6A350T
cyp51A, erg6, +erg6A350T, hmg1
<0.015
2
1
0.5–1
2
4
1st+hmg1WT
cyp51A, erg6, hmg1, +hmg1WT
<0.015
2
1
1
2
1–4
1st+hmg1S269F
cyp51A, erg6, hmg1, +hmg1S269F
<0.015
1–2
0.5–1
0.5
1–2
2–4
1st+cyp51AWT
cyp51A, +cyp51AWT, erg6, hmg1
<0.015
1–2
1
1–2
2–4
0.25–4
1st+cyp51AG448S
cyp51A, +cyp51AG448S, erg6, hmg1
<0.015
1–2
4
>8
4
4
*AMPH, amphotericin B; ITCZ, itraconazole; MCFG, micafungin; MEC, minimal effective concentration; MCZ, miconazole; ND, not determined; PSCZ,
posaconazole; STR, short tandem repeats; VRCZ, voriconazole.
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Table 5. Characteristics of Aspergillus fumigatus isolates from different patients in Japan*
MIC, mg/L
Gene with mutation
Isolate
MCFG
IFM no. Hospital MEC, mg/L AMPH ITCZ VRCZ PSCZ
cyp51A
hmg1
erg6
62140
K
<0.015
2
4
8
2
–
F261_del A75S
64258
I
<0.015
1
4
8
4
–
F390Y
V206A
64303
T
<0.015
2
2
8
–
–
–
–
63666
C
<0.015
1
1
2
1
–
–
–
63768
C
<0.015
1
8
>8
8
–
S269Y
–
63772
C
<0.015
1
2
4
8
–
–
–

3A
42
26
34
29
29
29

3B
11
14
18
13
13
13

STRs
3C 4A
14 13
17
5
22 10
15 10
15 10
15 10

4B
9
11
11
9
9
9

4C
8
10
11
5
5
5

*AMPH, amphotericin B; IFM, Institute of Food Microbiology (now Medical Mycology Research Center), Chiba University, Chiba City, Japan; ITCZ,
itraconazole; MCFG, micafungin; MEC, minimal effective concentration; PSCZ, posaconazole; STRs, short tandem repeats; VRCZ, voriconazole; –, no
mutation.

ergosterol biosynthesis. Hmg1 is a HMG-CoA reductase
that catalyzes reduction of HMG-CoA to mevalonic acid
and acts as a rate-limiting enzyme in ergosterol biosynthesis. Erg6 encodes sterol methyltransferase, which
catalyzes the conversion of lanosterol to eburicol in A.
fumigatus (26). The mutations of hmg1 we discovered
were located in the sterol-sensing domain (SSD), responsible for the function of this enzyme. Thus, the mutation
(hmg1S269F) might affect ergosterol biosynthesis efficiency. In fact, ergosterol levels in the strain bearing hmg1S269F
or hmg1S269Y were increased, which led us to presume that
such mutations altered the activity of Hmg1 and resulted
in hyperaccumulation of ergosterol in the cells. Although
further clarification is needed, one possibility is that larger amounts of azole drugs are required to inhibit growth
of the cells with an increased level of ergosterol. Among
the non-cyp51A azole-resistant strains we studied, all
the strains bearing mutation in hmg1 showed resistance
to multiple azoles. This finding also supported the idea
that the ergosterol level is a determinant for the resistance
against any class of azoles.
Because Hmg1 acts as a rate-limiting enzyme, we investigated the phenotypes associated with ergosterol biosynthesis in the hmg1 mutated strain. Polyene drugs such as
amphotericin B and nystatin bind to ergosterol in the plasma
membrane, leading to cell death by promoting membrane
leakage. Of note, the strain with mutation in Hmg1 was more
sensitive to these polyene drugs, compared with the strains
without the mutation, likely because the azole-resistant strain
has more ergosterol in the cell membrane, and polyene can
increasingly access ergosterol and damage the membrane.
We also found that the azole-resistant strain with Hmg1 mutation had increased susceptibility to lovastatin. Lovastatin is
a competitive inhibitor of Hmg1, so the mutation may have
increased the affinity to lovastatin. However, clarification for
this will still be required in future studies.
Mutation of hmg1 has been reported in experiments
designed to produce azole-resistant strains in the laboratory
(31). In this study, the mutation in hmg1 was identified in
clinical azole-resistant isolates. The mutation was discovered in several isolates with different genetic backgrounds,
which strongly suggested the importance of the mutation in
azole resistance.

To analyze functions of the amino acid substitutions
in Cyp51A, Hmg1, and Erg6 identified here, mutant alleles (cyp51AG448S, hmg1S269F, and erg6A350T) were ectopically expressed in susceptible strains. Introducing mutated cyp51AG448S conferred azole resistance in the host strain
even in the presence of wild-type cyp51A. On the other
hand, mutations in hmg1 and erg6 did not confer azole
resistance when the wild type was present. The amino
acid substitution of Hmg1 is present in SSD, which is a
conserved motif of membrane proteins involved in sterol
sensing and acts on feedback regulation of the enzymatic
reaction (32). Therefore, the mutated Hmg1 may be impaired in the feedback regulation. In the strain expressing hmg1S269F, it is considered that wild-type hmg1 can
receive feedback inhibition, and thus the strain did not
accumulate ergosterol and did not alter azole susceptibility. All mutations of hmg1 found in this study are present
in SSD, suggesting that mutations in SSD are important
for conferring azole resistance.
In this study, we discovered novel genetic changes related to azole resistance. Several non-cyp51A azole-resistant clinical isolates harbor the mutation in hmg1, which
suggested that this possible resistance mechanism is prevalent in non-cyp51A strains. We proposed that multiazole
drug resistance is imparted by a mutation in a protein other
than the target protein of azole drugs. Future elucidation of
the molecular mechanism of the hmg1 mutation will lead
to a more complete understanding of the azole resistance
mechanism in A. fumigatus.
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Multilocus Sequence Typing of Mycoplasma
pneumoniae, Japan, 2002–2016
Mariko Ando,1 Miyuki Morozumi,1 Yoko Adachi, Kimiko Ubukata, Satoshi Iwata

In Japan, Mycoplasma pneumoniae resistance to macrolides is high. To compare sequence types (STs) of susceptible and resistant isolates, we performed multilocus
sequence typing for 417 isolates obtained in Japan during
2002–2016. The most prevalent ST overall was ST3, for
macrolide-resistant was ST19, and for macrolide-susceptible were ST14 and ST7.

M

acrolide-resistant Mycoplasma pneumoniae was first
isolated in Japan in 2000 (1). Macrolide-resistant M.
pneumoniae is highly prevalent in Asia and has been reported from several parts of the world (2–7). During a 2011–
2012 outbreak in Japan, the resistance rate was as high as
90% (8). Molecular typing methods have been developed
for M. pneumoniae and include multilocus variable-number tandem-repeat analysis (MLVA), P1 typing, and others
(9). In recent years, multilocus sequence typing (MLST)
involving molecular analysis of 7–8 housekeeping genes
has been applied to various bacterial pathogens (10,11). In
2014, MLST for M. pneumoniae was devised by Brown et
al. (12). Using this MLST method for M. pneumoniae, we
compared sequence types (STs) of macrolide-susceptible
and macrolide-resistant M. pneumoniae isolates from Japan
and examined their evolutionary relationships. As is commonly performed for this pathogen, we also typed the P1
adhesin gene.
The Study
Using the random function of Excel 2010 (Microsoft, Redmond, CA, USA), we randomly selected 417 M. pneumoniae isolates (372 from children, 45 from adults) from 1,084
isolates obtained from patients throughout Japan who had
had pneumonia or bronchitis during 2002–2016. Samples
were not collected in 2014. The strains were isolated from
clinical samples sent from 31 medical institutions in Japan
to the Department of Infectious Diseases at Keio University School of Medicine in Tokyo. Of these strains, 232
(55.6%) were macrolide-susceptible M. pneumoniae and
185 (44.4%) were macrolide-resistant M. pneumoniae that
Author affiliations: Keio University School of Medicine, Tokyo,
Japan (M. Ando, M. Morozumi, Y. Adachi, K. Ubukata, S. Iwata);
National Cancer Center Hospital, Tokyo (S. Iwata)
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had 23S rRNA point mutations. According to M. pneumoniae numbering, these mutations were A2063G (n =
163), A2063T (n = 10), A2064G (n = 10), A2063C (n = 1),
or C2617A (n = 1). We used microdilution methods with
pleuropneumonia-like organism broth (Difco, Detroit, MI,
USA) to determine MICs for 6 antimicrobial agents against
these strains of macrolide-susceptible and macrolide-resistant M. pneumoniae (Table 1).
For MLST analysis, we sequenced 8 housekeeping
genes (ppa, pgm, gyrB, gmk, glyA, atpA, arcC, and adk)
in each strain by using the 8 primer sets described in the
MLST database (https://pubmlst.org/mpneumoniae/) (12).
New alleles and STs were registered in the M. pneumoniae MLST database. To determine relationships between
STs, we conducted clonal complex (CC) analysis by using
eBURST version 3.1 (http://eburst.mlst.net/v3/mlst_datasets/). Frequency analysis was performed with the Fisher
exact test.
Typing of the P1 adhesin gene in M. pneumoniae was
performed as previously described (13). After PCR, the purified DNA products were treated with a restriction enzyme
(HaeIII) for 1 hour. The standard stains M129 (ATCC
29342) and FH (ATCC 15531) were used as controls.
Among macrolide-susceptible M. pneumoniae isolates,
the most prevalent STs were ST3 (52.6%), ST14 (28.4%),
and ST7 (6.9%) (Figure 1). Among macrolide-resistant isolates, the most prevalent ST was also ST3 (74.6%), but the
next most prevalent were ST19 (11.4%) and ST14 (4.9%).
ST7 was more prevalent in macrolide-susceptible than in
macrolide-resistant isolates (p = 0.008); ST19 was more
prevalent in macrolide-resistant isolates (p<0.001). Although ST14 was prevalent among macrolide-susceptible
M. pneumoniae, it also was represented among macrolideresistant M. pneumoniae, associated with the 23S rRNA
mutation A2064G. We did not identify any differences in
ST frequencies between isolates from children and adults
or between areas in Japan.
When we compared the relationship between year
of strain isolation and ST (Table 2), ST3 accounted for
most macrolide-susceptible M. pneumoniae, but ST14
also was present in every year; in other words, 2 STs
were consistently common among macrolide-susceptible
1
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Table 1. Antimicrobial activity of 6 antimicrobial agents against 417 Mycoplasma pneumoniae strains, Japan, 2002–2016*
MIC, g/mL†
Antimicrobial agent and M. pneumoniae
macrolide-resistance level
50%
90%
Range
Clarithromycin
Susceptible
0.0039
0.0078
0.00195 to 0.031
Resistant
64
>64
0.5 to >64
Azithromycin
Susceptible
0.00049
0.00098
0.00012 to 0.00195
Resistant
64
64
0.031 to >64
Minocycline
Susceptible
0.5
1
0.031 to 1
Resistant
0.25
1
0.063 to 1
Doxycycline
Susceptible
0.5
0.5
0.063 to 0.5
Resistant
0.25
0.5
0.125 to 0.5
Levofloxacin
Susceptible
0.5
1
0.125 to 1
Resistant
0.5
1
0.5 to 1
Tosufloxacin
Susceptible
0.5
0.5
0.25 to 1
Resistant
0.5
0.5
0.25 to 2
*Macrolide-susceptible M. pneumoniae = 232; macrolide-resistant M. pneumoniae = 185.
†MIC ranges for macrolides were 16 to >64 g/mL for A2063G (n = 163) and A2064G (n = 10) and >64 g/mL for A2063C (n = 1).
MIC for azithromycin was affected by the mutations A2063T (1–4 g/mL) (n = 10) and C2617A (0.031 g/mL) (n = 1). MIC for clarithromycin was affected
by C2617A (0.5 g/mL). MICs for quinolone and tetracycline in both macrolide-susceptible and macrolide-resistant M. pneumoniae were almost the same.

M. pneumoniae. In 2016, infection with macrolidesusceptible M. pneumoniae, especially ST7 and ST14,
was epidemic. Among macrolide-resistant isolates, most
were ST3. Although ST3 was identified more frequently in macrolide-susceptible isolates during 2002–2006,
its identification in macrolide-resistant isolates has increased rapidly since then, and macrolide-resistant ST3
became more common in 2008. ST19 has been identified
since the M. pneumoniae epidemic in 2006.
Data showing the relationship between CC and STs
according to eBURST (Figure 2) include the 417 strains
in this study and 62 strains registered to the MLST database from other countries. Of the 2 CC clusters, the center
of CC1 was ST3, from which new STs including ST19
and ST17 arose with >1 alleles mutated. CC1 appears

more frequently in macrolide-resistant M. pneumoniae
(p<0.001). The center of CC2 was ST2, and almost all
strains in Japan belonged to ST7 and ST14. ST22 did
not belong to either CC1 or CC2, but 5 of 8 of its alleles
were identical to those of CC1. In certain areas of Japan,
ST22 has emerged in macrolide-resistant and macrolidesusceptible M. pneumoniae.
P1 typing analysis indicated that M. pneumoniae STs
belonging to CC1 and ST22 were type 1, and STs belong to
CC2 were type 2. ST14 and ST15 were type 2a, which is a
subtype of P1 type 2.
Conclusions
Molecular analysis by MLST is conducted commonly
for various bacterial pathogens worldwide but not for
Figure 1. Multilocus
sequence typing results for
232 macrolide-susceptible
and 185 macrolide-resistant
Mycoplasma pneumoniae
isolates, Japan, 2002–2016.
Ten STs were identified for
macrolide-susceptible and 12
STs for macrolide-resistant M.
pneumoniae. ST, sequence type.
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Table 2. Relationship between year isolated and ST among 232 macrolide-susceptible and 185 macrolide-resistant Mycoplasma
pneumonia isolates, Japan, 2002–2016*
Macrolide-susceptible M. pneumoniae
Macrolide-resistant M. pneumoniae
CC1
CC2
CC1
CC2
ST
ST
ST
ST
ST
ST Other
ST
ST
ST
ST ST ST Other
Year
3
17
19
2
7
14
ST Subtotal
3
17
19
2
7
14
ST Subtotal
2002
8
3
3
10
3
27
2
2
2003
13
3
2
1
19
3
2
5
2004
13
2
2
17
4
1
5
2005
12
1
3
16
3
1
4
2006
24
2
1
3
2
32
15
5
2
22
2007
10
4
1
8
23
12
7
19
2008
7
1
7
15
15
2
1
18
2009
8
2
10
12
1
13
2010
4
1
2
3
10
8
4
1
13
2011
5
1
1
7
13
2
3
1
19
2012
8
1
2
11
16
3
2
21
2013
3
1
4
1
1
2015
2
1
5
8
25
25
2016
5
1
8
19
33
12
3
1
2
18
Total
122
10
2
5
16
66
11
232
138
5
21
2
3
9
7
185
%
52.6 4.3
0.9
2.2 6.9 28.4 4.7
100
74.6 2.7 11.4
1.1 1.6 4.9
3.8
100

Total
29
24
22
20
54
42
33
23
23
26
32
5
33
51
417

*CC, clonal complex; ST, sequence type.

M. pneumoniae. We identified differences in STs between
macrolide-susceptible and macrolide-resistant M. pneumoniae in Japan. Of the STs noted among isolates from 4
countries (the United Kingdom, the United States, China,
and France), ST3 and ST14 were identified often in Japan,
but other STs were not identified in Japan (Figure 2). During 1977–2011, the most prevalent M. pneumoniae STs in
England and Wales were ST2, ST3, ST4, and ST11 (14).
In this respect, STs reported from Japan show patterns
quite different from those from other countries. The most
prevalent STs in Japan were ST3, ST14, ST19, and ST7.
In particular, ST3 of macrolide-susceptible M. pneumoniae was the most prevalent during 2002–2006, the early

period of our surveillance, but ST3 of macrolide-resistant
M. pneumoniae, with a point mutation of A2063G in the
23S rRNA gene, increased rapidly since an outbreak of
M. pneumoniae infection in 2006, and macrolide-resistant M. pneumoniae became most common after 2008.
This change toward resistance occurred in parallel with
increased use of macrolides in children. ST14 and ST7
were more prevalent among macrolide-susceptible than
macrolide-resistant M. pneumoniae; ST19 was prevalent
among macrolide-resistant M. pneumoniae.
We detected 2 types of the P1 adhesin gene, types 1
and 2 (which includes 2a), and analyzed them in terms
of STs. Recent studies have identified various subtypes
Figure 2. Relationship between
CC and ST for Mycoplasma
pneumoniae isolates by eBURST
version 3.1 analysis (http://eburst.
mlst.net/v3/mlst_datasets/).
Data included 417 strains from
Japan, 2002–2016, and 62 strains
isolated from the United Kingdom,
the United States, China, and
France. For all isolates, 24 STs
were identified. The size of
each circle is proportional to the
number of isolates for each ST.
Red indicates isolates detected in
Japan only; blue indicates isolates
detected in the United Kingdom,
the United States, China, and
France but not Japan; black
indicates isolates detected in all 5
countries. CC, clonal complex; ST,
sequence type.
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through comprehensive genomic comparisons (15). Similar to the results of MLST, P1 gene types have shown diversification. We did not conduct MLVA in this study, but
a previous study found CC1 and CC2 to differ in MLVA
type: CC1 contained MLVA type 4572, and CC2 contained
MLVA types 3662 and 3562 (12).
In summary, macrolide-resistant M. pneumoniae are
emerging and increasing. Surveillance of macrolide-resistant M. pneumoniae based on molecular epidemiology,
including STs and P1 adhesion gene identifications, are
necessary to clarify worldwide trends and address public
health concerns.
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Emerging Enteroviruses Causing Hand,
Foot and Mouth Disease, China, 2010–2016
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Coxsackievirus A6 emerged as one of the predominant
causative agents of hand, foot and mouth disease epidemics in many provinces of China in 2013 and 2015. This virus strain accounted for 25.9% of mild and 15.2% of severe cases in 2013 and 25.8% of mild and 16.9% of severe
cases in 2015.

H

and, foot and mouth disease (HFMD) is a common
childhood infectious disease caused by enteroviruses
(1). In China, HFMD cases must be reported to the Notifiable Infectious Diseases Reporting Information System.
Apart from clinical and demographic information, case notifications also include etiologic results, if available, classified into 3 categories: enterovirus A71 (EV-A71), coxsackievirus (CV) A16, and other enteroviruses. However, not all
cases have etiologic results, the Notifiable Infectious Diseases Reporting Information System (NIDRIS) does not
indicate cases that tested negative for enteroviruses, and
testing methods vary among hospitals (2). To capture more
information on the etiologic spectrum of HFMD in China,
a laboratory surveillance network has been established in
provincial-level centers for disease control and prevention
(CDCs). EV-A71 and CV-A16 were previously believed to
be the main causative viruses for HFMD in Asia, but several studies have suggested that other enteroviruses appear
Author affiliations: Chinese Center for Disease Control and
Prevention. Beijing, China (Y. Li, Z. Chang, Q. Liao, F. Liu,
Y. Zheng, L. Luo, S. Yu, H. Yu); The University of Hong Kong,
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to be increasing since 2008 (3–9). Nevertheless, these past
studies in China could not provide an overview at the national level because of limitations in geographic locations
or study settings; furthermore, none of them systematically
examined proportions of specific enteroviruses testing positive among tested HFMD cases. We analyzed data from
this laboratory network to examine causative pathogens
of HFMD cases and epidemiologic differences associated
with various pathogens.
The Study
Since June 2009, clinical specimens must be collected
from all severe HFMD cases, and the first 5 reported mild
cases (case classification criteria in the online Technical
Appendix, https://wwwnc.cdc.gov/EID/article/24/10/171953-Techapp1.pdf) in each county of China every month
and are tested for enteroviruses at local CDCs using PCR
(online Technical Appendix) (10). Test results are characterized as negative for enterovirus or positive for EV-A71,
CV-A16, or other enteroviruses. For specimens testing
positive for other enteroviruses, further serotyping is not
conducted as a routine practice, but some local CDCs with
more laboratory capacity may select a subset of these specimens to test on the serotype at their own discretion, especially when the proportion of other enteroviruses detected
was relatively high.
We collected individual laboratory data during January 2010–December 2016 from 23 provincial CDCs (online
Technical Appendix Figure 1). In these provinces, HFMD
case notifications accounted for 88.4% of HFMD cases
notified in China overall. We analyzed virus serotypes in
combination with sex, age, and clinical severity of each
case. The dataset includes 693,580 individual illness episodes in the 23 provinces; 7,632–59,507 (median 31,317)
episodes per province were reported. Clinical samples were
collected from each illness onset, including throat swabs
(374,685; 54.0%), feces (153,947; 22.2%), rectal swabs
(129,837; 18.7%), and other specimens (35,111; 5.1%)
such as vesicular or cerebrospinal fluid.
Weekly proportions of positive enteroviruses (1 –
enterovirus-negative specimens divided by all specimens
collected for testing) were generally lower in mild cases
1
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Figure 1. Weekly proportions of enteroviruses detection by serotype among hand, foot and mouth disease cases, January 2010–
December 2016, China: A) number of tested mild cases; B) proportions of serotypes among mild cases C) number of tested severe
cases; D) proportions of serotypes among severe cases.

Table. Serotypes of non–EV-A71 and non–CV-A16 enteroviruses among HFMD cases, by clinical severity, 2013 and 2015, China*
2013, no. (%)
2015, no. (%)
Test result
Mild, n = 87,226
Severe, n = 3,837
Mild, n = 99,461
Severe, n = 4,712
EV negative
32,801 (37.60)
1,100 (28.67)
35,167 (35.36)
1,273 (27.02)
EV-A71
15,503 (17.77)
1,557 (40.58)
11,800 (11.86)
1,352 (28.69)
CV-A16
10,811 (12.39)
197 (5.13)
13,959 (14.03)
265 (5.62)
Other enteroviruses
28,111 (32.23)
983 (25.62)
38,535 (38.74)
1,822 (38.67)
Further serotyping of other enteroviruses
Total
Mild, n = 3,260†
Severe, n = 42‡
Mild, n = 2,474§
Severe, n = 71¶
CV-A6
2,620 (80.37)
28 (66.67)
1,471 (59.46)
31 (43.70)
CV-A10
176 (5.40)
4 (9.52)
104 (4.20)
#
CV-A2
22 (0.67)
1 (2.38)
5 (0.20)
#
CV-A5
9 (0.28)
1 (2.38)
2 (0.08)
#
CV-A4
2 (0.06)
#
9 (0.36)
#
ECV-6
9 (0.28)
#
#
#
CV-B4
13 (0.4)
#
#
#
ECV-25
8 (0.25)
#
#
#
CV-A12
5 (0.15)
#
#
#
CV-B5
5 (0.15)
#
#
#
CV-B2
4 (0.12)
#
1 (0.04)
#
ECV-7
4 (0.12)
#
#
#
ECV-9
3 (0.09)
#
#
#
CV-A8
1 (0.03)
#
3 (0.12)
#
CV-A14
2 (0.06)
#
#
#
CV-A21
2 (0.06)
#
#
#
ECV-12
2 (0.06)
#
#
#
CV-B1
2 (0.06)
#
#
#
ECV-30
1 (0.03)
#
1 (0.04)
#
Other
6 (0.18)**
#
#
#
Untyped
364 (11.37)
8 (19.05)
878 (35.49)
40 (56.34)
*CV, coxsackievirus; ECV, echovirus; EV, enterovirus.
†Results are based on data from Beijing, Fujian, Guangdong, Guangxi, Heilongjiang, Henan, Hubei, Jiangsu, Jilin, Shanxi, Sichuan, Shandong, Tianjin,
Xinjiang, and Yunnan provinces.
‡Results are based on data from Fujian, Guangdong, Guangxi, Henan, and Shanxi provinces.
§Results are based on data from Beijing, Fujian, Guangxi, Heilongjiang, Jiangsu, Sichuan, Tianjin, and Zhejiang provinces.
¶Results are based on data from Guangdong and Jiangsu provinces.
#The serotypes were not detected, but might be included in the untyped specimens because of laboratory capacity restrictions.
**Other serotypes include CV-A20, CV-A24, ECV-1, ECV-96, Polio1, and Polio2, with 1 of each serotype detected.
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(median 62.4%, range 42.0%–74.0%) than in severe cases
(median 73.1%, range 27.3%–100%) and showed seasonal
variations: peaks in April–May and low levels in December–January (Figure 1). The highest weekly proportion of
EV-A71 detections among mild cases was 37.7% in 2010;
a decreasing trend was observed thereafter. EV-A71 vaccine probably had little effect on the change in EV-A71
detections because it was not available until March 2016
and was not included in the routine vaccination program. In
contrast, weekly proportions of detection of other enteroviruses generally increased with time, reaching a maximum
of 48.4% in 2015. The proportion of cases positive for CVA16 was relatively stable at ≈20% across the years, following a similar temporal trend to that of EV-A71. However,
detections of different serotypes of enteroviruses generally demonstrated a similar temporal pattern among severe
cases as among mild cases, except that the proportion of
CV-A16 was relatively low, fluctuating at ≈5% across the
period (Figure 1). Proportions of detection generally declined with age for other enteroviruses, whereas EV-A71
and CV-A16 showed an increasing trend with age, particularly in mild cases (online Technical Appendix Figure 2).
EV-A71 and CV-A16 predominated in 2010–2012,
2014, and 2016, but other enteroviruses were predominant in 2013 and 2015. In those 2 years, further serotyping
on other enteroviruses was widely conducted (Table). In
2013, a total of 3,260 (11.6% of 28,111 specimens positive for other enteroviruses) specimens collected from
mild cases and 42 (4.3% of 983) specimens collected from
severe cases underwent further serotyping; in 2015, a total of 2,474 (6.4% of 38,535) specimens collected from
mild cases and 71 (3.9% of 1,822) specimens collected
from severe cases underwent further serotyping. The serotyping results showed that, of mild cases infected with
other enteroviruses, 80% in 2013 and 59% in 2015 were
infected with CV-A6; for severe cases, 67% in 2013 and
44% in 2015 were infected with CV-A6. By multiplying
the proportion of other enteroviruses by the proportion
of CV-A6 among other enteroviruses, we estimated that
CV-A6 accounted for 25.9% of mild cases and 15.2% of
severe cases in 2013 and 25.8% of mild cases and 16.9%
of severe cases in 2015. This result at the national level
supports regional and subregional studies in China (3–9),
suggesting that CV-A6 emerged as a main causative agent
of HFMD in 2013 and 2015, but detections of CV-A6 were
still low in some provinces of southwestern and northeastern China (Figure 2; online Technical Appendix Figure 3).
D3 is the predominant subgenotype for CV-A6 (11). During the same period, CV-A10 accounted for 4.2%–9.5% of
other enteroviruses. Serotypes other than CV-A6 and CVA10, including CV-A2, CV-A5, CV-A4, CV-B4, echovirus 6 and -25, and others, accounted for a small proportion
(0.03%–2.4%) of specimens tested for further serotyping.
1904

These rare serotypes could possibly become prevalent in
the future because of accumulative immunity to the prevalent enteroviruses, the potential replacement effect induced
by vaccination programs against predominant enteroviruses, or both. One limitation of serotyping results of other
enteroviruses is that they tend to reflect those of areas with
more intensive HFMD transmission, because local CDCs
generally select areas where the most cases are detected for
further serotyping.
We found that detection proportions of other enteroviruses were generally negatively associated with that of
EV-A71 in mild and severe cases (Pearson correlation coefficient –0.73 for mild cases and –0.70 for severe cases)
and CV-A16 in mild cases (Pearson correlation coefficient
–0.52) (Figure 1). This result might indicate competitive
interactions between other enteroviruses and EV-A71 or
CV-A16, which should be considered when evaluating the
effect of introducing a new enterovirus vaccine, especially
when the proportion of other enteroviruses is increasing.
The epidemiologic modeling study suggested that crossprotection between EV-A71 and CV-A16 exists for nearly
7 weeks, on average, in the context of natural infections
(12). However, vaccine trials reported that monovalent
EV-A71 vaccine failed to protect against CV-A16–associated HFMD (13). Similarly, whether cross protection exists
between EV-A71 and other enteroviruses, such as CV-A6
and CV-A10, remains poorly understood to date, although
limited studies have been more indicative of a lack of cross
protection between EV-A71 and coxsackieviruses including CV-A6 (14,15).
Conclusions
Data from national laboratory network surveillance of
HFMD in China show that detection of enteroviruses other
than EV-71 and CV-A16 has been increasing in both mild
and severe cases and that CV-A6 has been emerging as another predominant serotype recently, but not in every province. Serotyping of individual enteroviruses apart from currently tested EV-71 and CV-A16 is suggested for routine
virologic surveillance. Further studies may be needed to
investigate potential cross immunity between EV-A71 and
other enteroviruses such as CV-A6, CV-A10, and others.
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year of age, who are vulnerable to infections. However, unlike IMFs, little attention has been paid to the contamination of IMF substitutes with Cronobacter spp.

In Bogotá, Colombia, a large number of babies are fed with
breast milk substitutes made from corn and plantain starch.
We found 34.3% of tested samples to be contaminated with
Cronobacter spp.; C. sakazakii was the most recovered
species. Our findings underscore the risk for contamination
of breast milk substitutes.

The Study
We collected information on starch brands and consumption preferences from the stores where starch products
were sold. We sampled city districts with the highest frequency of consumption (i.e., >1×/wk). The sampling was
distributed per percentage weight according to city district
and starch composition. We collected 36 samples of corn
starch, 53 samples of plantain starch, and 13 samples of
other starches (N = 102 samples)
According to the evaluation conducted after enactment
of the current baby food regulations in Colombia (6), product noncompliance was most often attributable to the presence of coliforms, which were detected in 23.5% (24/102)
of samples. Coliforms were detected in 50% (12/24) of
plantain starch samples, 12.5% (3/24) of other starch samples, and 0% (0/24) of corn starch samples. For the detection of Cronobacter spp., we used the ISO 22964:2006
method, by which we were able to recover isolates from
35 (34.3%) samples. However, recovery was already improved in the new ISO 22964:2017 version, which is desirable because Cronobacter spp. have been found at levels of
<1 UFC/100 g of IMFs (7).
We differentiated Cronobacter spp. species by using
PCR cgcA enzyme (8) (Platinum Blue PCR Super Mix;
Invitrogen, Carlsbad, CA, USA). We then improved specificity and reduced the amplification of nonspecified fragments (Figure 1).
Of the 102 samples, 34.3% (35/102) were positive
for Cronobacter spp. (26.5% [27/35] of plantain starch
samples, 7.8% [8/35] of other starch samples, and 0% of
corn starch samples). The Cronobacter species identified
were C. sakazakii (74% [26/35] of isolates), C. malonaticus
(14% [5/35] of isolates), and C. dublinensis (11% [4/35] of
isolates) (Figure 2).
The 34.3% Cronobacter spp. prevalence was similar
to that reported in plant derivatives (e.g., 20.1% [9] and
31.3% [10]) and in cereals (63%) (11). Prevalence in processed and other foods has ranged from 3% to 30% (12).
Although the greatest number of positive isolates was recovered from plantain starches, no information on Cronobacter spp. in plantain matrixes is available.

C

ronobacter spp. is a group of emerging foodborne opportunistic pathogenic microorganisms that can cause
deadly disease in neonates, children, older adults, and immunocompromised persons, including meningitis, septicemia, and necrotizing enterocolitis in neonates and infants
(1). The presence of Cronobacter spp. is widespread in dry
foods. Occurrence is higher in infant milk formula (IMF)
because some species of Cronobacter are able to tolerate
different types of stress in IMF; for example, C. sakazakii
is able to survive up to 2 years in IMF, which increases the
possibility for baby foods to become reservoirs, given that
milk increases the cultivability and recovery of C. sakazakii in dry environments (2).
In Colombia, according to the 2010 Nutritional
Situation Survey (ENSIN, for its acronym in Spanish),
breast-feeding supplementation is gradually made from
birth, starting at 27% in the first months until 76% at 9
months of age (3). These data suggest that a large number
of children can start the intake of supplementary foods,
most likely in the form of bottle-feeding (3). IMFs are
not sterile products; pathogenic microorganisms such as
Salmonella spp. and Cronobacter spp. can be recovered
from them (4).
At the local level in Colombia, the most common IMF
substitutes used are corn and plantain starches. The main
reason for their use is the high cost of imported foods (5).
The microbiologic quality of these foods is important because they are given to breast-fed infants or children <1
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Figure 1. Individual evaluation of multiplex PCR primers used to
differentiate 6 species of Cronobacter in a study of Cronobacter
spp. in common breast milk substitutes, Bogotá, Colombia, 2016.
Lanes were used as guides for calculating the molecular weight of
each band.

Conclusions
From the point of view of microbiologic quality, the
presence of coliform bacteria and pathogens shows the
risk of contamination of IMF substitutes. For Cronobacter spp., the international standard is a total absence
in IMF (13). The most recovered species in the samples
we tested was C. sakazakii, which is the species associated with the highest number of disease cases reported
in neonates and whose sequence type 4 is already known
to be associated with severe cases of meningitis (14).
The PCR method we used enabled greater coverage
compared with the traditional method because the identification of the species is confirmed in a single analytical run, thus speeding up the subsequent public health
response and providing valuable information for epidemiologic surveillance.
In Bogotá, no cases of foodborne diseases related
to the presence of Cronobacter spp. have been reported.
However, Cronobacter are not subject to mandatory reporting in Colombia because no active surveillance of
this pathogen exists, and the medical community lacks
information about the pathogen. It is important to characterize and document the presence of Cronobacter spp.
in different foods to assess the risk to which children <1
year of age and breast-fed infants are exposed and to identify the connection between diseases like meningitis and
the consumption of contaminated baby foods produced
locally. Some measures have been proposed to mitigate
this risk. It is vital to indicate on the starch packaging
that starch must be reconstituted in water at >70°C for >1
minute before consumption, and starch leftovers must be
refrigerated to minimize the risk for contamination with
Cronobacter spp. (15). In addition, the World Health
Organization–Codex Alimentarius Code of Hygiene

1908

Figure 2. Species of Cronobacter recovered from corn, plantain,
and other starches in a study of Cronobacter spp. in common
breast milk substitutes, Bogotá, Colombia, 2016.

Practices provides guidelines for governments, industries, and consumers to support and teach caregivers
about safe preparation of starches (13). Our findings
must lead to an in-depth review of the current regulations for baby foods in Colombia and a modification of
Bogotá’s System of Inspection, Surveillance, and Control so that this system can be more preventive and responsive in ensuring the health of citizens.
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Effectiveness of Whole, Inactivated,
Low Pathogenicity Influenza A(H7N9)
Vaccine against Antigenically Distinct,
Highly Pathogenic H7N9 Virus
Masato Hatta, Gongxun Zhong, Shiho Chiba,
Tiago J.S. Lopes, Gabriele Neumann,
Yoshihiro Kawaoka
The recent emergence of highly pathogenic influenza A(H7N9)
variants poses a great risk to humans. We show that ferrets
vaccinated with low pathogenicity H7N9 virus vaccine do not
develop severe symptoms after infection with an antigenically
distinct, highly pathogenic H7N9 virus. These results demonstrate the protective benefits of this H7N9 vaccine.

L

ow pathogenicity influenza A(H7N9) viruses, which
cause mild or asymptomatic disease in poultry, have
caused >1,564 human infections since March 2013, with a
case-fatality rate of ≈40% (1–5). Recently, highly pathogenic
H7N9 viruses, characterized by multiple basic amino acids at
the cleavage site of their hemagglutinin (HA) protein, have
emerged. More than 750 cases of human H7N9 infections in
2017 (6) and the emergence of highly pathogenic H7N9 viruses emphasize the need for effective vaccines against low
pathogenicity and highly pathogenic H7N9 viruses. We examined whether a World Health Organization (WHO) candidate vaccine based on a low pathogenicity H7N9 influenza
virus would protect ferrets against an antigenically distinct,
highly pathogenic H7N9 influenza virus.
The Study
We generated a recombinant virus (HK125–HYPR8) that
possesses the HA and neuraminidase (NA) genes of a low
pathogenicity WHO-recommended H7N9 candidate vaccine virus (A/Hong Kong/125/2017 [7]) and the remaining
genes from a high-yield A/Puerto Rico/8/34 (PR8) vaccine
backbone virus (8). The HK125–HYPR8 virus was inactivated with β-propiolactone and purified through sucrose
gradient ultracentrifugation.
We vaccinated 5-month-old female ferrets (6 per group)
that were serologically negative for currently circulating
Author affiliations: University of Wisconsin–Madison, Madison,
Wisconsin, USA (M. Hatta, G. Zhong, S. Chiba, T.J.S. Lopes,
G. Neumann, Y. Kawaoka); University of Tokyo, Tokyo, Japan
(Y. Kawaoka)
DOI: https://doi.org/10.3201/eid2410.180403
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human influenza viruses with 15 µg of HA of inactivated
whole HK125–HYPR8 virions without adjuvant (Group 1)
or mixed at a 1:1 ratio with AddaVax adjuvant (InvivoGen,
San Diego, CA, USA), a squalene-based oil-in-water nanoemulsion similar to MF59 (9) (group 2); control animals
received phosphate-buffered saline (group 3) or adjuvant
(group 4) (Figure 1, panel A). All animals were vaccinated
intramuscularly in both hind legs twice, 28 days apart.
Twenty-eight days after the second immunization, we
intranasally challenged ferrets with 106 PFUs of highly
pathogenic H7N9 rGD/3-NA294R virus (a neuraminidase
inhibitor–sensitive subpopulation of highly pathogenic A/
Guangdong/17SF003/2016 H7N9 virus) (10). These vaccine and challenge viruses belong to the Yangtze River
Delta lineage of H7N9 viruses, which is responsible for
recent infections of humans with highly pathogenic H7N9
viruses (6). However, A/Hong Kong/125/2017 and the
A/Guangdong/17SF003/2016 challenge virus differ antigenically (11) (online Technical Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/24/10/18-0403-Techapp1.pdf).
We monitored clinical signs, body weight, and body
temperature daily for 14 days and collected throat and nasal
swab specimens every day until day 7 postchallenge. On day
4 postchallenge, we euthanized 3 ferrets from each group
and collected organs (lung, trachea, nasal turbinates, olfactory bulbs, and brain tissues pooled from anterior and posterior
brain sections) for virus titration. We conducted statistical
analysis of hemagglutinin inhibition (HI) titers, virus titers
in swab and organ samples, and bodyweight and temperature
changes among groups (online Technical Appendix Tables
2–21). We defined statistical significance as p<0.05.
After 1 immunization, HI titers were significantly lower in the ferrets immunized with nonadjuvanted HK125–
HYPR8 vaccine than in those immunized with AddaVaxadjuvanted HK125–HYPR8 vaccine (p = 0.038; Figure 1,
panel B; online Technical Appendix Table 2); however, after
2 immunizations, ferrets vaccinated with or without adjuvant
(groups 1 and 2) developed high HI titers against HK125–
HYPR8 virus. Vaccination with HK125–PR8 vaccine did
not elicit measurable HI titers against the rGD/3-NA294R
challenge virus after the first immunization but elicited reasonably high titers after the second immunization (Figure 1,
panel B). After challenge with highly pathogenic H7N9 virus,
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nonvaccinated ferrets (groups 3 and 4) became lethargic,
experienced diarrhea, and lost appetite and bodyweight on
days 2–6 postinfection (online Technical Appendix Figure),
whereas vaccinated ferrets showed no noticeable symptoms.
In addition, nonvaccinated ferrets demonstrated statistically
higher body temperature than vaccinated ferrets on days 1, 2,
3, 5, and 6 postchallenge (online Technical Appendix Figure,
Table 5). One ferret in group 3 and 2 ferrets in group 4 had
to be euthanized on days 6–8 postinfection (Figure 1, panel
C) because of severe symptoms (neurologic signs or inability
to remain upright). In contrast, none of the vaccinated ferrets
had any symptoms, indicating a protective effect of the low
pathogenicity H7N9 vaccine against the challenge virus.
Analysis of throat and nasal swab samples demonstrated replication of highly pathogenic challenge virus in all
ferrets (Figure 2, panel A). However, virus titers started to
decline in vaccinated ferrets by day 3 postchallenge, and the

infection was resolved by day 5 postchallenge; in contrast,
nonvaccinated ferrets continued to shed high titers of challenge virus 4–7 days postchallenge. The virus titers in nasal
swab samples on days 1, 3, 4, 5, 6, and 7 postchallenge and
those in throat swab samples on days 1–7 postchallenge
from nonvaccinated ferrets were significantly higher than
those in vaccinated ferrets (online Technical Appendix Table 10). Thus, vaccination with HK125–HYPR8 virus led
to reduced replication of the challenge virus in the upper
respiratory tract of infected ferrets.
On day 4 postinfection, we euthanized 3 animals per
group and determined virus titers in organs. We also assessed virus titers in organs of ferrets that were euthanized
because of severe disease symptoms. In nonvaccinated ferrets, we detected high titers of virus in respiratory organs;
in addition, we recovered virus from the olfactory bulbs
or pooled samples from anterior and posterior sections of

Figure 1. Study design, HI titers after vaccination, and survival rates of vaccinated and nonvaccinated ferrets challenged with highly
pathogenic influenza A(H7N9) virus. A) Study design. Six ferrets per group were immunized with inactivated whole HK125–HYPR8
virions containing 15 µg of HA protein without (group 1) or with adjuvant (group 2); control animals were vaccinated with PBS (group 3)
or adjuvant (group 4). Animals were vaccinated intramuscularly twice 28 days apart. Twenty-eight days after the second immunization,
ferrets were challenged with highly pathogenic H7N9 rGD/3-NA294R virus. Throat and nasal swab specimens were collected on days 1–7
postchallenge; 3 animals per group were euthanized on day 4 postchallenge to assess virus titers in organs. B) HI titers after vaccination.
HI assays were performed against HK125–HYPR8 (upper panel) and rGD/3-NA294R (lower panel) with ferret sera collected before the
second immunization (preboost) and before challenge (prechallenge). Statistical significance was determined as described in the online
Technical Appendix (https://wwwnc.cdc.gov/EID/article/24/10/18-0403-Techapp1.pdf). C) Survival rates. Survival was monitored for 14 days
after challenge. Because 3 ferrets were euthanized on day 4 postchallenge for organ sampling, the survival rate was calculated on the
basis of a group size of n = 3 thereafter. HA, hemagglutinin; HI, hemagglutination inhibition; PBS, phosphate-buffered saline.
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the brains of 7 of the 9 animals tested (Figure 2, panel B).
In vaccinated ferrets, we detected virus in the nasal turbinates of 4 of 6 animals and in the olfactory bulbs of 2 of 6
animals. We recovered no virus from the tracheas, lungs,
or pooled samples from anterior and posterior brain sections (Figure 2, panel B), indicating that vaccination with
HK125–HYPR8 prevented challenge virus replication in
the lower respiratory organs.

Conclusions
We report the effectiveness of a whole, inactivated, low
pathogenicity H7N9 vaccine against an antigenically distinct, highly pathogenic H7N9 virus in a ferret model. Vaccination prevented challenge virus replication in the lower
respiratory organs, led to faster virus clearance in the upper
respiratory organs, and prevented severe disease and death
in ferrets, although the HI titers against the rGD/3-NA294R
Figure 2. Virus titers in throat
and nasal swab specimens and
in the organs of vaccinated and
nonvaccinated ferrets challenged
with highly pathogenic influenza
A(H7N9) virus. A) Virus titers in
swab samples. Throat and nasal
swabs were collected on days
1–7 postchallenge. Virus titers
were determined based on plaque
assays in MDCK cells. Statistical
significance was determined as
described in the online Technical
Appendix (https://wwwnc.cdc.
gov/EID/article/24/10/18-0403Techapp1.pdf). B) Three ferrets
from each group were euthanized
on day 4 postchallenge for virus
titration in the indicated organs. We
also assessed virus titers in organs
of ferrets that were euthanized
because of severe symptoms (*).
Virus titers were determined based
on plaque assays in MDCK cells.
Numbers along baseline indicate
animal number. PBS, phosphatebuffered saline.
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challenge virus were lower than those against the HK125–
HYPR8 vaccine virus. Statistical analyses demonstrated
that HI titers against the HK125–HYPR8 vaccine virus
after the first immunization were significantly higher (p =
0.038) in animals immunized with adjuvanted vaccine compared with animals immunized with nonadjuvanted vaccine
(Figure 1, panel B; online Technical Appendix Table 2).
Bodyweight changes after challenge were significantly
milder (p = 0.0132–0.0489 on days 4–10, 12, and 13) in ferrets immunized with adjuvanted vaccine than in those vaccinated with nonadjuvanted vaccine. In addition, virus titers
in nasal swabs on days 3 and 4 postchallenge (p = 0.0052
on day 3; p = 0.0163 on day 4) and in throat swabs on days
1, 3, and 4 (p = 0.0047 on day 1; p = 0.0003 on days 3 and
4) in ferrets immunized with nonadjuvanted vaccine were
significantly higher than in those ferrets immunized with
adjuvanted vaccine (online Technical Appendix Tables 9,
11), suggesting superior efficacy with Addavax.
Previously, WHO selected several low pathogenicity H7N9 candidate vaccine viruses, including A/Hong
Kong/125/2017 (7). With the emergence of highly pathogenic H7N9 viruses that are antigenically distinct from
previously circulating H7N9 viruses, WHO has updated its
recommendations, and a candidate vaccine virus for highly
pathogenic H7N9 viruses is now available (12). We tested
whether in the event of a large-scale outbreak of highly
pathogenic H7N9 viruses, candidate vaccine viruses to antigenically distinct H7N9 viruses might serve as a first line
of defense. Our results in ferrets indicate the potential of a
whole, inactivated vaccine based on a low pathogenicity
H7N9 virus to prevent severe disease with fatal outcome
after infection with an antigenically distinct, highly pathogenic H7N9 virus.
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Two Community Clusters of Legionnaires’
Disease Directly Linked to a Biologic
Wastewater Treatment Plant, the Netherlands

Anna D. Loenenbach, Christian Beulens,
Sjoerd M. Euser, Jeroen P.G. van Leuken,
Ben Bom, Wim van der Hoek,
Ana Maria de Roda Husman,
Wilhelmina L.M. Ruijs, Alvin A. Bartels,
Ariene Rietveld, Jeroen W. den Boer,
Petra S. Brandsema
A biologic wastewater treatment plant was identified as a
common source for 2 consecutive Legionnaires’ disease
clusters in the Netherlands in 2016 and 2017. Sequence
typing and transmission modeling indicated direct and longdistance transmission of Legionella, indicating this source
type should also be investigated in sporadic Legionnaires’
disease cases.

I

n autumn 2016, six reported cases of Legionnaires’ disease (LD) were linked to the town of Boxtel, the Netherlands. In the second half of 2017, eight more cases were
identified among residents of the town. During 2003–2015,
only 1 non–travel-related LD case was reported in Boxtel.
In 2016 and 2017, the cases were investigated to determine
if they were linked to a common source. We describe the
epidemiologic, environmental, and microbiologic investigation of these 2 Legionella clusters.
The Study
We defined cases as Legionella pneumonia in a person with
illness meeting the European Union case definition (1) who
resided in or visited Boxtel 2–14 days before disease onset
during 2016–2017. The 2016 cluster (cluster 1) consisted
of 4 residents and 2 nonresidents who work in the industrial
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area of Boxtel. The onset of disease symptoms ranged from
October 28 to December 11, 2016. During July 10–November 3, 2017, seven more cases (all in Boxtel residents)
occurred (cluster 2) (Figure 1). Further investigation identified another case, in a person who visited Boxtel 5 days
before symptom onset.
The median age of the 14 patients was 72 years (range
51–93 years); 8 patients (57%) were male (Table 1). All 14
patients were hospitalized, 7 (50%) were smokers, and 11
(79%) had co-morbid conditions.
Patient interviews did not identify any common exposure, and none of the case-patients had recently traveled
abroad. Mapping cases based on the patients’ residential
postal code and prevailing wind direction (mainly southwest during individual incubation times [https://www.
knmi.nl]) indicated that the source could be within the industrial area of Boxtel.
In November 2016, environmental samples were collected at several potential sources, including a fountain and
5 wet cooling towers (WCT) (Table 2). However, no Legionella were detected in these samples. The emergence
of new LD cases in 2017 led to the reexamination of these
locations, along with identification of additional potential
sources, including a biologic wastewater treatment plant
(BWTP) in the industrial area. The installation, which was
transformed into a BWTP for energy production in summer
2015, consisted of 3 ponds with different degrees of aeration. All ponds tested positive for L. pneumophila (Table 2).
Because the BWTP effluent drains to the municipal wastewater treatment plant (MWTP), located in the northwest of
Boxtel, and discharges onto the Dommel River after treatment, these locations were also sampled. Subsequently, 2
air scrubbers near the BWTP were tested, and air above the
BWTP was sampled.
All 14 cases were confirmed by urine antigen testing (Table 1). Clinical and environmental isolates were genotyped by
using sequence-based typing (SBT), as previously described
(2,3), and compared with the European Working Group for
Legionella Infectious Sequence-Based Typing Database
(http://www.hpa-bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_homepage.php). An identical sequence type
(ST), ST1646, was found in 5 patients (2 in cluster 1 and 3 in
cluster 2) (Figure 1). Two other sequence types were found
for 2 patients in cluster 1 (Table 1). SBT of the environmental
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Figure 1. Legionnaires’ disease cases, by sequence type and week of disease onset, Boxtel, the Netherlands, October 2016–December
2017. BWTP, biologic wastewater treatment plant; ST, sequence type.

isolates from the BWTP, the MWTP, and the river also identified ST1646. This sequence type was also detected in isolates
from air sampled above the BWTP pond with the most aeration. Legionella was not detected in the other sampled locations (Table 2).
We used a transmission model for rapid detection
of potential environmental sources of airborne pathogens in outbreak investigations (4,5), which was used
for Legionella for the first time and applied to the data
collected for the outbreak investigation in Boxtel. The
model calculated a measure of risk (MR) based on

patients’ residential addresses in Boxtel, date of illness
onset, and population density. Locations with the highest MR values (hotspots) are likely to contain the actual
infection source. The model identified 1 hotspot, located
in the southwest of the industrial area, ≈650 m from the
BWTP (Figure 2).
To prevent further Legionella transmission by aerosols, 2 temporary tents were erected successively to
cover the 2 aerated ponds, 1 in December 2017 and the
other in January 2018. A permanent solution for covering both aeration ponds is under exploration. After the

Table 1. Characteristics of 14 case-patients in 2 community clusters of Legionnaires’ disease directly linked to a biologic wastewater
treatment plant, Boxtel, the Netherlands, October 2016–December 2017*
No. (%)
Characteristic
Cluster 1, n = 6
Cluster 2, n = 8
Clusters 1 and 2, N = 14
Patient characteristics
Median age >72 y
5 (35.7)
Sex
8 (57.1)
M
8 (57.1)
F
6 (42.9)
Smoking
7 (50.0)
Co-morbid conditions
11 (78.6)
Hospital admission
14 (100)
ICU admission
Death
0
Diagnostic results
Legionella culture performed
6 (42.9)
LP sg1 culture positive
5 (35.7)
Urine antigen test positive
14 (100)
LP PCR positive
4†
Typing results
ST1646
2 (33.3)
3 (37.5)
5 (35.7)
Non-ST1646‡
2 (33.3)
0
2 (14.3)
No isolate
2 (33.3)
5 (62.5)
7 (50.0)

*Sources: National Notification Database Osiris; Database National Reference Laboratory for Legionella, Haarlem, the Netherlands. ICU, intensive-care
unit; LP, Legionella pneumophila; ST, sequence type.
†Number of PCR tests performed is not available; only number of tests with positive results known.
‡Obtained through nested PCR with direct sequence-based typing.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

1915

DISPATCHES

Table 2. Results of environmental samples taken during investigation of 2 community clusters of Legionnaires’ disease directly linked
to a biologic wastewater treatment plant, Boxtel, the Netherlands, October 2016–December 2017*
Legionella pneumophila
Location of samples
Sampling date, wk/y
CFU/L
serogroup
ST
Water samples†
BWTP
Pond 1 (low aeration)
48/2017
sg1
‡
2.0  106
50/2017
sg1
ST1646
5.6  107
Pond 2 (no aeration)
48/2017
sg1
ST1646
7.1  108
50/2017
sg1
ST1646
19.2  108
Pond 3 (high aeration)
48/2017
sg1
ST1646
15.0  108
50/2017
sg1
‡
22.6  108
Municipal wastewater treatment plant
Influent
39/2017
sg1
ST1646
1.0  105
Pond
39/2017
sg1
ST1646
2  103
River midstream
39/2017
sg1
ST1646
2  103
Riverside
39/2017
sg1
ST1646
2  104
Fountain, city center
50/2016
Negative
39/2017
Negative
WCTs and air scrubbers next to BWTP, industrial area
50/2016
Negative
39/2017
Negative
48/2017
Negative
4 WCTs, industrial area
50/2016
Negative
5 WCTs, industrial area
39/2017
Negative
Misting device, industrial area
39/2017
Negative
Other environmental samples†
Biologic wastewater treatment plant
Air sample inside pond 3 tent
50/2017
Positive
sg1
‡
Swab inner surface pond 3 tent
50/2017
Positive
sg1
ST1646

*Source: Database National Reference Laboratory for Legionella, Haarlem, the Netherlands. BWTP, biologic wastewater treatment plant; sg, serogroup;
ST, sequence type; WCT, wet cooling tower.
†Water samples were analyzed with an accredited in-house developed method based on ISO 11731:2017, with an additional step of acid treatment. Air
samples were collected using a SASS 2300 air sampler (Research International, Seattle, WA, USA) and analyzed with an accredited in-house developed
method based on ISO 11731:2017.
‡Sequence type profile was incomplete because of technical problems experienced during mompS typing; however, for all 6 available alleles, results
were in accordance with the ST1646 profile (flaA, 2; pile, 10; asd, 14; Mip, 10; mompS, not available; proA, 4; neuA, 11).

detection of Legionella in the BWTP effluent, a sludge
filter defect was identified and repaired. Resampling of
the effluent was negative for Legionella, indicating that
the risk for ongoing contamination of the MWTP and
river were reduced.
Discussion
The LD outbreak in Boxtel occurred in 2 distinct small
clusters, rather than a more typical single cluster of cases
in a short period. However, the increased LD incidence in
the town compared with historical values and the matching
sequencing results of clinical isolates suggested a common
source for both clusters.
The sequence type ST1646, found in 5 patient isolates
and in the environmental samples, identified the BWTP as
the most likely source for both LD clusters. Since 2013,
this rare sequence type has been detected in 7 other cases in
the same region and 2 cases elsewhere in the Netherlands
(3). ST1646 has not previously been detected in environmental samples (3). We were unable to epidemiologically
link the other ST1646 cases to Boxtel.
The transmission models outcome, which posited
a single hotspot near the BWTP, offers further support
1916

for the BWTP as the putative source of infection. The
distance of the hotspot, at ≈650 m, is well within the range
of a possible source calculated with this model in a previous study (5).
Two other clinical strains from cluster 1 were not
found in any environmental sample. However, the aeration ponds might have harbored different genotypes.
Detection of multiple genotypes causing LD cases from
exposure to a single water treatment plant has been previously described (6).
BWTPs have been identified as the source of previous
LD outbreaks (6–10). Several risk factors for amplification
and transmission of Legionella were present in the Boxtel
BWTP: a water temperature around 35°C, nutrient-rich water, and aerosol formation through aeration.
Documented outbreaks associated with BWTPs have
involved an additional disseminator, such as a WCT or river, in the dissemination of contaminated aerosols, usually
marked by a sudden increase in cases. In this outbreak, we
assume direct dispersion of bacteria from the BWTP ponds
to the patients, which could explain the sporadic nature of
the epidemic curve, with 0–2 cases per week spread over 2
periods of 8–16 weeks.
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Clusters of Legionnaires’ Disease, the Netherlands
Figure 2. Map of the
norrmalized measure of risk for
Legionnaires’ disease, Boxtel,
the Netherlands, October
2016–December 2017. Results
are based on case-patients
living in Boxtel who constituted
the clusters occurring in 2016
and 2017 (n = 11). Red dots
indicate the residential address
(postal code) of case-patients.
A hotspot is an area with a
measure of risk >0.9. Gray dots
indicate Legionnaires’ disease
cases in nonresidents; these
cases are not included in the
model. Black triangles indicate
the putative sources: 1, biologic
wastewater treatment plant
(industrial area); 2, wet cooling
tower next to the biologic waste
water treatment plant (industrial
area); 3–6, wet cooling towers
(industrial area); 7, fountain
(city center); 8, misting device
(industrial area).

Transmission from WCTs has been described as occurring at a distance of up to 12 km (11), whereas direct
aerosol dispersal from BWTPs has been detected at a distance of up to 300 m (8). In this outbreak, the assumed
bacteria transmission from the BWTP ponds to the patients occurred over a distance of >1.6 km. Transmission
directly from the elevated aeration ponds is plausible with
prevailing wind direction. However, we cannot exclude
the possibility that WCTs, air scrubbers, or both in the
vicinity of the BWTP disseminated L. pneumophila–containing aerosols, although test results for these installations were negative.
Although incidence of community-acquired LD has
increased in the Netherlands since 2013 (12), infection
sources are rarely found (13). Because our results indicate
direct dispersal over a large distance of >1.6 km, further
investigations should consider nontraditional Legionella
sources, like BWTPs, as possible sources for sporadic
LD cases.
The aeration ponds in Boxtel were covered, but
whether this measure is sufficient to mitigate all exposure risks involved with this type of installation is still
unclear. Because biologic aeration ponds are increasingly used in modern (energy-producing) wastewater
treatment installations in the Netherlands, more evaluation is required for the potential health risks associated
with BWTPs.
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Rapid Spread of Pneumococcal Nonvaccine
Serotype 7C Previously Associated with
Vaccine Serotype 19F, England and Wales

Ashley Makwana, Shamez N. Ladhani,
Georgia Kapatai, Ella Campion,
Norman K. Fry, Carmen Sheppard
We observed a sudden and rapid increase in rare invasive
pneumococcal disease serotype 7C, from an annual average of 3 cases during 2000–01 through 2015–16 to 29
cases in 2016–17. The increase was caused almost entirely
by clonal expansion of sequence type 177, previously associated with vaccine serotype 19F.

T

he bacterium Streptococcus pneumoniae is a major global cause of meningitis, septicemia, and pneumonia and
is associated with high rates of illness and death. In September 2006, the childhood immunization program in the United
Kingdom introduced PCV7, a pneumococcal conjugate vaccine against the 7 most common serotypes causing invasive
pneumococcal disease (IPD) in children; a 13-valent PCV
replaced it in April 2010 (1). Both vaccines have been associated with rapid and widespread declines in IPD across
all age groups and, despite an increase in other disease from
non-PCV serotypes, overall IPD rates have dropped by 56%
and have remained lower than prevaccine rates (1).
In England and Wales, Public Health England (PHE)
conducts enhanced national surveillance for IPD (1). National Health Service laboratories routinely report clinically significant infections to PHE and submit invasive
isolates to the PHE National Reference Laboratory for serotyping (2). We observed an unusual increase in invasive
isolates serotyped as 7C early in 2017 that continued into
the 2017–18 epidemiologic year. We analyzed the epidemiology, clinical characteristics, genetic epidemiology,
and outcomes of serotype 7C IPD since 2000–01 in England and Wales.
The Study
We performed whole-genome sequencing (WGS) on 44 of
66 invasive 7C isolates collected during July 2005–June
Author affiliations: Public Health England’s National Infection
Service, London, UK (A. Makwana, S.N. Ladhani, G. Kapatai,
E. Campion, N.K. Fry, C. Sheppard); St. George’s University of
London, London (S.N. Ladhani)
DOI: https://doi.org/10.3201/eid2410.180114

2017, as well as 37 of 42 isolates collected during July
2017–January 31, 2018. We used previously published
methods for WGS analysis (3,4). We used Bowtie version
2 (5) to map WGS reads to sequences for 1,689 antimicrobial-resistant genes in the ARG-ANNOT database (6). We
used PBP typing to predict β-lactam resistance (7). Using
MEGA7 (8), we drew a neighbor-joining tree (9) based on
single-nucleotide polymorphism (SNP) alignments, as previously described (10). We included PHE data available on
the European Nucleotide Archive (https://www.ebi.ac.uk/
ena) (online Technical Appendix Table, https://wwwnc.
cdc.gov/EID/article/24/10/18-0114-Techapp1.pdf)
and
used a non–sequence type (ST) 177 serotype 19F (Taiwan
19F-14; GenBank accession no. NC_012469.1) as a reference sequence. We did not identify and remove recombination events in the WGS alignment before constructing
the phylogeny. Data on antimicrobial drug susceptibility
testing performed according to British Society for Antimicrobial Chemotherapy guidelines (11) were available on a
subset of isolates.
From epidemiologic year 2000–01 through 2015–16,
a total of 84,305 laboratory-confirmed IPD episodes occurred in England and Wales, including 51 serotype 7C
IPD cases; an annual average of 3 cases (range 1–6) were
confirmed. In 2016–17, a total of 29 cases were confirmed,
compared to 5, 4, and 4 in the previous 3 years (2013–14,
2014–15, and 2015–16, respectively); an additional 42 cases were confirmed during the first 7 months of the 2017–18
epidemiologic year (Figure 1, panel A). We found no evidence of geographic or temporal clustering of cases. Cases
were diagnosed across all age groups and especially in
those >65 years of age (84/122, 68.9%), including 38 cases
in the 65–79 age group and 46 cases in persons >80 years
of age. Of the 80 cases (93.8%) diagnosed from 2000–01
through 2016–17, a total of 75 included bacteremia and 5
meningitis (in patients ages 1 month, 5 months, 6 months,
30 years, and 48 years).
All isolates were cultured from blood or cerebrospinal
fluid. Case-fatality ratio (CFR) was 25% (20/80) and increased with age: 12.5% (1/8) in children <15 years of age,
0 in the 15–44-year age group, 23% (3/13) in the 45–64year age group, 25% (6/24) in the 65–79-year age group,
and 37% (10/27) in the >80-year age group. CFR in the oldest 2 age groups was similar to the CFR for other serotypes
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Figure 1. Cases of invasive
pneumococcal disease (IPD)
caused by serotype 7C between
epidemiologic years 2000–01
and 2016–17 and an additional
42 cases reported July 1, 2017,
through January 31, 2018, by
(A) age group and (B) MLST
sequence type, England and
Wales. Surveillance is not
complete for the 2017–18
epidemiologic year; figure shows
only cases for the 7 months
indicated. NA indicates missing
sequence data.

in those age groups (23% for the 65–79-year age group and
40% for the >80-year age group).
The first serotype 7C isolate associated with ST177 appeared in 2012–13 and again in 2014–15, followed by all
4 cases in 2015–16 and 27/29 cases in 2016–17 (Figure 1,
panel B). During July 2017–January 2018, a total of 35/37
sequenced 7C isolates were associated with ST177. A review of available PHE MLST data showed that ST177 was
also associated with serotypes 19F (MLST derived for 25
1920

isolates during 2002–2015) and 24F (MLST derived for 13
isolates during 2014–15).
We generated the neighbor-joining tree (Figure 2) following SNP analyses on 59 isolates, using MEGA7 using
isolate Taiwan 19F-14. The tree shows that 7C-ST177 isolates had a more recent common ancestor with serotypes
19F and 24F belonging to ST177 than with non-ST177 7C
isolates (except the single isolate belonging to ST11386,
a single-locus variant [SLV] of ST177). The 7C-ST177
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isolates were closely related, with <100 SNPs between
them. We found >6,000 SNPs separating the 7C-ST177
and the non-ST177 serotype 7C (except 1 SLV of ST177
with <100 SNP distance from the ST177 isolates).
We did not detect any antimicrobial drug resistance
determinants or PBP types suggesting β-lactam nonsusceptibility in the genomes of any ST177 7C isolates. MIC
data were available on 13 serotype 7C isolates but only 2
were ST177; both were fully susceptible to all antimicrobial drugs tested.

Figure 2. Neighbor-joining tree following single-nucleotide
polymorphism analyses on 59 pneumococcal isolates collected in
England and Wales during July 2005–June 2017. The percentage
of replicate trees in which the associated taxa clustered together
in the bootstrap test (1,000 replicates) is shown next to the branch
junctions. All positions with <90% site coverage were eliminated.
Missing data and ambiguous bases were allowed at any position.
There were a total of 20,359 variant positions in the final dataset.
Red nodes represent ST177 isolates; green node, an isolate
with SLV of ST177; black nodes, non-ST177 isolates. Squares
represent 7C serotype; triangles, 24F serotype; and circles 19F
serotype. The open circle represents the Taiwan 19F-14 reference
sequence (GenBank accession no. NC_012469.1). Scale bar
shows the number of nucleotide substitutions represented by
branch length. ST, sequence type.

Conclusions
In England and Wales, the recent increase in IPD due to
the nonvaccine serotype 7C was associated with clonal
expansion of ST177. Previously, this serotype was associated with vaccine serotype 19F, although we also observed
serotype 24F isolates with this ST in later years. Nearly
all the increase occurred in older adults, with no evidence
of change in clinical presentation or CFR when compared
with the other serotypes causing IPD in the same age
groups. The age-related CFRs observed in our cohort are
consistent with those from other industrialized countries
with established PCV programs (12).
Additional WGS data from historical serotypes 19F
and 24F isolates may help determine whether this 7CST177 arose from capsular switching, which appears likely
given the rapid expansion of this clone. It is also possible
that the increase in serotype 24F IPD after PCV13 replaced
PCV7 may be attributable to ST177 (1), although we did
not investigate this in our study. IPD cases due to serotype
24F have increased in children (from 3 to 28 cases), adults
(from 7 to 71 cases), and older adults (from 14 to 84 cases)
since PCV13 implementation (1).
ST177 has been associated with serotype 19F, with
39/42 isolates submitted to the PubMLST isolates database
associated with this serotype (https://pubmlst.org/spneumoniae/). In England and Wales, ST177 was represented
exclusively by serotype 19F in elderly patients before PCV7
introduction (13). Because serotypes 19F and 24F are common causes of IPD, we were unable to sequence all invasive isolates. The clonal expansion of 7C-ST177 could be
a consequence of natural fluctuation of nonvaccine serotypes caused by negative frequency selection (14). Although
ST177 is the ST of the globally disseminated Portugal 19F21 Pneumococcal Molecular Epidemiology Network clone
that is multidrug resistant (15), we did not identify resistance
determinants in any of the 7C-ST177 isolates we studied.
In summary, serotype 7C remains a rare cause of
IPD in England and Wales but is linked to a sudden, rapid
increase in cases of IPD because of clonal expansion of
ST177, previously associated with vaccine serotype 19F.
We encourage other countries to monitor pneumococcal
surveillance programs for evidence of similar increases.
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Acute Encephalitis with Atypical Presentation
of Rubella in Family Cluster, India
Sumit D. Bharadwaj,1 Rima R. Sahay,1
Pragya D. Yadav, Sara Dhanawade,
Atanu Basu, Virendra K. Meena, Suji George,
Rekha Damle, Gajanan N. Sapkal
We report 3 atypical rubella cases in a family cluster in India. The index case-patient showed only mild febrile illness,
whereas the other 2 patients showed acute encephalitis and
died of the disease. We confirmed rubella in the index and
third cases using next-generation sequencing and IgM.

R

ubella is usually considered a mild viral infection. Approximately 25%–50% of infections are asymptomatic
(1). Differential diagnosis of viral acute encephalitis syndrome (AES) caused by rubella, herpes simplex virus, measles, varicella zoster virus, and Epstein–Barr virus infections can be accomplished through the unique presentation
of rash in each case. Rubella typically presents as fever with
rash and is mostly diagnosed clinically, but rubella leading
to fatal AES is rare (1/6,000 cases) (2). A cluster of rubellaassociated encephalitis has been reported from Japan (3)
and rubella encephalitis without rash from Tunisia (4).
We report on rubella in 3 unvaccinated siblings in India. We investigated this family cluster at the request of
the treating physician in August 2017, on the eighth day
postinfection of the index case-patient.
The Study
The affected family belonged to a lower-middle-income
group in a village in Maharashtra, India. The father worked
as a ward attendant at a hospital, and the mother was a
homemaker. There were 3 children in the family; the index
rubella case-patient was a 7-year-old girl, who recovered
following a mild febrile illness. The 2 other siblings, an
8-year-old girl and a 2-year-old boy, died of acute encephalitis within 4 days of onset of disease (Figure). No history of
similar illness in the neighborhood, travel history, or visitors
were reported. There was also no history of consumption of
fruits or accidental ingestion of any toxic drugs or pesticides
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before symptom onset. Nutritional status for all children
was normal for height, weight, and body mass index.
The index case-patient developed a low-grade intermittent fever; her temperature rose in the evening. The fever
subsided within 2 days after the patient took acetaminophen.
She had not been immunized against rubella. Her throat was
uncongested and there were no rashes or mucocutaneous lesions. Systematic examination revealed no abnormalities.
Biochemical tests were normal. Tests for dengue virus and
malarial parasites were negative. The child recovered without any sequelae. The investigating team examined her on
the eighth day following onset of symptoms.
Two days following onset of illness in the index casepatient, her 8-year-old sister developed a high-grade fever
and eye pain. There was no history of rash or mucocutaneous lesions. On day 2 of her illness, she had multiple episodes of convulsions with nonprojectile vomiting and was
admitted to a hospital. On day 3, she was put on a mechanical ventilator, but she died that day. The cause of death was
cardiorespiratory failure with meningoencephalitis due to
intractable seizures. This child had not been immunized for
rubella; no clinical samples were available to test.
One day after the onset of fever in the second patient,
her 2-year-old brother developed a mild fever with no rash
or mucocutaneous lesions. His intermittent fever subsided
after he took acetaminophen. Two days later, he developed
a high-grade fever with convulsions and nonprojectile
vomiting. He became semiconscious, with decerebrated
rigidity. He became comatose and was put on mechanical
ventilation on day 4 of his illness. Plantar reflex was absent, and deep tendon reflexes were diminished. No cardiovascular system abnormality was noted. His chest was
clear, with no wheeze or stridor. Abdominal examination
revealed no notable organomegaly. The child received antimicrobial drugs, phenytoin, mannitol, and acyclovir. He
died on day 5 of his illness. Details from the medical records for the second and third case-patients are provided in
online Technical Appendix 1 Table 1 (https://wwwnc.cdc.
gov/EID/article/24/10/18-0053-Techapp1.pdf).
We tested serum and urine samples from the index
case-patient and serum, urine, and cerebrospinal fluid (CSF)
samples from the third case-patient for Japanese encephalitis virus (5), West Nile virus (6), Chandipura virus (7),
and enteroviruses (8) using real-time quantitative reverse
1
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Figure. Timeline of clinical events
for 3 siblings infected with rubella
and encephalitis, India. *Negative
for Japanese encephalitis virus,
Chandipura virus, dengue virus,
West Nile virus, enterovirus,
and herpes simplex virus. CSF,
cerebrospinal fluid.

transcription PCR (qRT-PCR); for dengue, chikungunya, and
Zika viruses using CDC Trioplex qRT-PCR; and for rubella
using RT-PCR (9). We further used quantitative PCR to test
for varicella zoster virus DNA (10) and PCR for herpes simplex virus 1 (Genekam Biotechnology, Duisburg, Germany,
No. K091). We also tested samples for rubella IgM and IgG
using a Siemens Healthcare Kit (Siemens, Erlangen, Germany). We extracted RNA and DNA using a QIAAmp total
nucleic acid extraction kit (QIAGEN, Hilden, Germany).
We obtained a rubella nested PCR product of 185 bases
from a CSF sample from the third case-patient; no amplification was obtained from serum and urine, so we used the
CSF sample for next-generation sequencing (11).We tested
serum samples from close contacts of the index and third
case-patients for the presence of rubella IgM and IgG (Table
1; online Technical Appendix 2, https://wwwnc.cdc.gov/
EID/article/24/10/18-0053-Techapp2.xlsx). We prepared
the RNA library following the defined protocol (12) using

a TruSeq Stranded mRNA Library preparation kit (Illumina,
San Diego, CA, USA); quantified it using a KAPA Library
Quantification Kit (Roche, Indianapolis, IN, USA); and
loaded it on an Illumina Miniseq NGS platform. We imported raw RNA data of 147 MB in CLC Genomics Workbench
software (QIAGEN) for further analysis. We assembled the
RNA data using de novo and reference assembly methods
and obtained 1.9 million reads with an average length of 138
bp. From the total read, 0.57% mapped to the reference genome (GenBank accession no. JN635296) with an average
length of 123 bp. De novo assembly of reads gave 86 contigs
with an average length of 1,281 bp. Reference mapping led
to a ≈8 kb region (4.5 kb of nonstructural protein [NSP], 3
kb of structural protein [SP], and 0.5 kb in both NSP and SP
regions) that was broken intermittently (GenBank accession
nos. MG987207.1 for NSP and MG987208.1 for SP) (online
Technical Appendix 1 Figure 1). We used a 732-bp E1 gene
sequence to identify the rubella genotype (online Technical

Table 1. Laboratory investigations and results of the clinical samples of close contacts of case-patients with rubella and encephalitis in
a family cluster in India
Contact relationship to index
Age,
Contact with
Anti-rubella IgM
Anti-rubella
NIV no.*
Specimen
and third case-patients
y/sex
case-patients
ELISA
IgG ELISA
1730348
Serum
Father
40/M
All 3
Equivocal
Positive
1730348-2
Serum
Father
40/M
All 3
Equivocal
Positive
1730358
Serum
Mother
27/F
All 3
Negative
Positive
1730358-2
Serum
Mother
27/F
All 3
Negative
Positive
1730362
Serum
Physician
38/F
Index, 3rd
Negative
Positive
1730365
Serum
Physician
32/F
Index, 3rd
Negative
Positive
1730367
Serum
Physician
25/F
Index, 3rd
Negative
Positive
1730371
Serum
Physician
26/F
Index, 3rd
Negative
Positive
1730382
Serum
Physician
26/F
Index, 3rd
Negative
Positive
1730411
Serum
Physician
25/F
Index, 3rd
Negative
Positive
1730389
Serum
Physician
26/F
Index, 3rd
Negative
Positive
1730391
Serum
Nursing staff
22/F
Index, 3rd
Positive
Positive
1730394
Serum
Nursing staff
25/F
Index, 3rd
Negative
Positive
1730396
Serum
Nursing staff
29/F
Index, 3rd
Negative
Equivocal
1730398
Serum
Paternal uncle 1
33/M
Index, 3rd
Negative
Positive
1730374
Serum
Paternal aunt 1
25/F
Index, 3rd
Negative
Positive
1730933
Serum
Paternal uncle 2
34/M
Index, 3rd
Negative
Positive
1730936
Serum
Cousin
11/M
Index, 3rd
Negative
Positive
1730939
Serum
Cousin
8/M
Index, 3rd
Negative
Negative
1730941
Serum
Paternal aunt 2
21/F
Index, 3rd
Negative
Positive
1730944
Serum
Grandfather
70/M
Index, 3rd
Negative
Positive
1730948
Serum
Grandmother
65/F
Index, 3rd
Negative
Positive
1730950
Serum
Paternal aunt 2
26/F
Index, 3rd
Negative
Positive
*NIV, National Institue of Virology.
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Table 2. Rubella virus variability with respect to Indian strain
BAS*†
Intragroup variability, %
Genotype
Nucleotide
Amino acid
GI
6–9
1–2
GII
2–8
0–1
GIIA
8
0–1
GIIB
2–3
0–1
GIIC
7
0–2
NIV E1 gene
3
1
*GenBank accession no. AF039134.
†NIV, National Institue of Virology.

Appendix 1 Figure 1). The phylogenetic tree that we constructed revealed that this virus belongs to rubella genotype
2B (Table 2; online Technical Appendix 1 Figure 2).
Conclusions
Rubella encephalitis without identification of typical rubella rash is rarely reported. In the cluster we describe, the parents were asymptomatic and positive for anti-rubella IgG
when tested on the eighth day from the onset of symptoms
in the index case-patient. The rubella IgM equivocal status
of the father suggests that he could be a possible source of
infection to the family. His occupation as a hospital ward
attendant also indicates a possibility of infection either
through respiratory secretions or by contact with an infectious agent on his body or on items carried to and from
his workplace. In rubella, neurologic symptoms most often occur 1–6 days after the onset of the exanthem (13). In
this cluster, rapid disease progression meant the second and
third case-patients died within 4 days of illness onset. The
index case-patient tested positive for rubella IgM on the
eighth day postinfection and the third case-patient tested
positive for rubella IgM on the fifth day postinfection, but
their specimens were negative for IgG, suggesting that the
children were not immunized and had not had any past rubella infection. A serum sample from the index case-patient
from the 14th day postinfection was IgG positive. Through
epidemiologic linkage, the causative agent in the second
case may be similar to that for the other cases.
In conclusion, rubella encephalitis can present without
rash. Rubella virus infection should be considered in the
differential diagnosis of AES in unvaccinated children.
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was to determine if ICV can be found in specimens from
cattle with bovine respiratory disease and, if so, determine
the prevalence.

We identified influenza C virus (ICV) in samples from US
cattle with bovine respiratory disease through real-time PCR
testing and sequencing. Bovine ICV isolates had high nucleotide identities (≈98%) with each other and were closely
related to human ICV strains (≈95%). Further research is
needed to determine bovine ICV’s zoonotic potential.

The Study
Bovine respiratory disease complex (BRDC) is one of the
most common causes of death in livestock in US feedlots
and feedlots worldwide (10). During October 2016–January 2018, we collected 1,525 samples (mainly nasal swab
and lung tissue specimens) from cattle in the Midwest of
the United States and submitted them to Kansas State Veterinary Diagnostic Laboratory (Manhattan, Kansas, USA)
for BRDC diagnostic testing. We screened samples for ICV
by real-time reverse transcription PCR, as well as for 10
other BRDC-associated pathogens (Mannheimia haemolytica, Pasteurella multocida, Histophilus somni, Bibersteinia trehalosi, Mycoplasma bovis, bovine viral diarrhea
virus, bovine respiratory syncytial virus, bovine respiratory
coronavirus, bovine herpesvirus 1, and influenza D virus;
online Technical Appendix, https://wwwnc.cdc.gov/EID/
article/24/10/18-0589-Techapp1.pdf). We sequenced a
590-bp fragment of the matrix gene from 12 ICV-positive
samples (GenBank accession nos. MH421865–73; online
Technical Appendix Table) to confirm the PCR results and
perform a phylogenetic analysis. We selected 1 isolate (C/
bovine/Montana/12/2016) for complete genome sequencing (GenBank accession nos. MH348113–9).
Of 1,525 samples, 64 (4.20%) were positive for ICV:
38 samples with a cycle threshold (Ct) <36 and 26 with a
Ct 36–39. The most common pathogens were bovine respiratory coronavirus (34.98%), M. bovis (32.27%), and M.
haemolytica (17.04%). The remaining BRDC pathogens
were present but less prevalent: P. multocida (13.42%),
H. somni (12.58%), influenza D virus (11.93%), bovine
respiratory syncytial virus (9.19%), bovine viral diarrhea
virus (7.05%), B. trehalosi (3.47%), and bovine herpesvirus 1 (2.95%).
Co-infections with >1 pathogen are common in BRDC
cases. ICV-positive samples were also found to be positive
for >1 bovine respiratory disease pathogen (n = 12, Table
1), the most common being M. bovis (9/12), followed by H.
somni (7/12), and M. haemolytica (6/12). Among the ICVpositive samples, ICV12 was strongly positive (Ct 15.81);
this sample was also positive for M. haemolytica and P. multocida, both bacterial pathogens commonly associated with
secondary infections. Other BRDC pathogens associated

I

nfluenza viruses are contagious zoonotic pathogens that
belong to the Orthomyxoviridae family, which consists
of 4 genera: Alphainfluenzavirus (influenza A virus), Betainfluenzavirus (influenza B virus), Gammainfluenzavirus
(influenza C virus [ICV]), and Deltainfluenzavirus (influenza D virus) (1–4). Classification of influenza viruses is
based on the antigenic differences in the nucleoprotein and
matrix protein and supported by intergenic homologies of
20%–30% and intragenic homologies >85% (3).
The most common influenza pathogen is influenza A
virus, which can infect humans, pigs, cattle, birds, as well
as other animals (2,4). ICV was first identified in humans in
1947. This group of influenza viruses was initially thought
to exclusively infect humans until isolates were identified
in pigs in China (5,6) and Japan (7). Antigenic and genetic
analyses suggest that ICV might transmit between humans
and pigs in nature (8); however, interspecies transmission
has not been confirmed experimentally. In 2011, an influenza C–like virus was identified in swine and cattle in the
United States (9); this virus was initially proposed to be an
ICV subtype but was later identified as influenza D virus
(3) because the virus had ≈50% overall amino acid identity
with human ICV strains, a level of divergence similar to
that between influenza A and influenza B viruses.
Although influenza viruses of other genera can infect
cattle, the potential for ICV infection in cattle has not
been previously investigated. The objective of this study
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Table 1. Cycle thresholds for ICV and other bovine respiratory pathogens in 12 ICV strong positive samples from cattle with
respiratory disease, United States, October 2016–January 2018*
Mycoplasma Mannheimia Pasteurella Histophilus Bibersteinia
ID no.
State ICV BVDV BHV-1 BRSV BCoV IDV
bovis
haemolytica multocida
somni
trehalosi
ICV1†
TX
29.95
–
–
–
–
36.77
39.41
–
–
–
–
ICV2†
OK
23.92
–
–
–
–
24.25
29.17
31.30
–
31.32
–
ICV3†
OK
21.02
–
–
38.93 27.00 29.15
31.40
NT
NT
NT
NT
ICV4‡
OK
29.98
–
–
–
–
–
24.54
31.33
–
31.05
–
ICV5†
MO 24.47
–
34.98
–
–
–
30.12
–
28.00
24.40
34.00
ICV6†
CO
26.91
–
–
–
–
–
30.25
32.78
29.60
30.00
35.00
ICV12†
MT
15.81
–
–
–
–
–
–
22.87
25.70
–
–
ICV16‡
NE
27.18 16.44
–
–
–
–
28.47
–
–
–
–
ICV18† MN 30.58
–
–
–
–
–
–
35.06
–
–
–
ICV20‡
KS
27.92
–
–
–
–
–
–
–
–
23.49
–
ICV21‡
KS
26.72
–
–
35.59
–
–
25.67
30.95
–
28.47
–
ICV22†
MT
25.08
–
–
–
–
20.24
35.58
–
–
35.64
–

*BCoV, bovine respiratory corona virus; BHV-1, bovine herpesvirus 1; BRSV, bovine respiratory syncytial virus; BVDV, bovine viral diarrhea virus; ICV,
influenza C virus; ID, identification; IDV, influenza D virus; NT, not tested (sample used up); –, negative.
†Nasal swab sample used in analysis.
‡Lung sample used in analysis.

with secondary infections (M. bovis, bovine viral diarrhea
virus, and H. somni) were also detected in samples ICV4,
ICV16, ICV18, and ICV20 (11–13). These results suggest that ICV is associated with bovine respiratory disease
in cattle.
We further evaluated 12 strong positive (Ct<31) samples by sequencing a 590-bp fragment of their matrix gene.
Alignment of the partial matrix gene sequences indicated
that the isolates in 3 samples (ICV2, ICV3, and ICV4) obtained from different cattle on the same farm in Oklahoma
were identical. Because these 3 influenza viruses were most
likely the same strain, the virus in just 1 sample (ICV2) was
used for phylogenetic analysis. The matrix gene sequence
in sample ICV5 from Missouri (GenBank accession no.
MH421866) was identical to that in ICV6 from Colorado
(GenBank accession no. MH421867).
Phylogenetic analysis indicated that the bovine ICV
isolates are closely related to the porcine and human ICV
isolates, and the bovine ICV isolates are more closely related to each other (Table 2; Figure). The bovine ICV isolates’ partial matrix gene sequences shared high nucleotide
identities (≈98%). For both partial matrix gene sequences
and the whole genome sequence (7 segments), the nucleotide identity between bovine and human isolates was ≈95%.
The full genome sequence of C/bovine/Montana/12/2016

from sample ICV12 had high nucleotide identity to C/Mississippi/80 (and several other human ICV strains), with an
overall identity of 97.1%. Nucleotide identities between
these 2 isolates were also high for each gene: 97.0% for
polymerase basic 2, 97.7% for polymerase basic 1, 97.5%
for polymerase 3, 96.2% for hemagglutinin esterase, 96.8%
for nucleoprotein, 96.8% for matrix, and 97.6% for nonstructural protein. The only porcine ICV isolate available
was more closely related to human (≈98% identity) isolates
than bovine (≈95% identity) isolates; the porcine ICV isolate had nearly the same identity that the human ICV isolates had among each other (Table 2).
The phylogenetic tree of the partial matrix gene sequences (Figure) further demonstrates the relationship between bovine and human ICV isolates. All bovine ICVs
formed a separate clade on the phylogenetic tree, with
a 99% bootstrap value. Of the 195 partial matrix gene
sequences from human ICVs, the 10 corresponding sequences from bovine ICVs had the highest identities (average 96.70%) to those from C/Mississippi/80 (GenBank
no. AB000720.1), C/Nara/82 (GenBank no. AB000723),
and C/Kyoto/41/82 (GenBank no. AB000724) and the
lowest identities (average 94.21%) to those from C/Yamagata/30/2014 (GenBank no. LC123874) and C/Yamagata/32/2014 (GenBank no. LC123875).

Table 2. Average nucleotide identities among bovine, porcine, and human ICV strains, United States*
Bovine ICV vs.
Bovine ICV vs.
Gene sequence
Bovine ICV, %
Human ICV, %
human ICV, %
porcine ICV, %
Matrix, partial
98.43
98.47
95.54
96.06
Polymerase basic 2
NA
97.76
94.97
95.00
Polymerase basic 1, full length
NA
97.59
94.69
94.70
Polymerase 3
NA
97.79
96.36
95.50
Hemagglutinin esterase
NA
95.44
90.83
91.10
Nucleoprotein
NA
97.67
95.48
95.30
Matrix, complete
NA
98.33
95.51
95.80
Nonstructural protein
NA
98.32
95.67
95.80
Entire genome
97.56
94.79
94.74
*ICV, influenza C virus; NA, not applicable.
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Human ICV vs.
porcine ICV, %
98.84
98.34
98.08
97.31
95.97
97.85
98.82
98.36
97.82
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Figure. Phylogenetic tree of 10 bovine ICV isolates compared
with 1 porcine and 195 human ICV isolates (not labeled), United
States. Some subtrees containing only human isolates were
collapsed to decrease the size of the image. A representative
taxon identification number for each collapsed subtree is shown
with the number of taxa in the subtree in parentheses. The
percentage of trees in which the associated taxa clustered
together is shown above the branches. The tree with the highest
log likelihood is shown. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. Scale bar indicates the relative
distance of 0.005, which indicates a 0.5% sequence difference.
ICV, influenza C virus.

Conclusions
This study confirms the presence of ICV in US cattle with
clinical signs of bovine respiratory disease. Although interspecies transmission of influenza viruses occurs between
humans and other animals, we do not have data that indicates ICV is a zoonotic pathogen. However, the full genome sequence of C/bovine/Montana/12/2016 has 97.1%
nucleotide identity with the human isolate C/Mississippi/80, which is within the range of average identities among
human isolates. More detailed investigations are needed to
confirm if ICV is involved in bovine respiratory disease,
to characterize the relationship between bovine and human
ICV strains, and to determine the zoonotic potential of bovine ICV isolates to cause human disease.
Funding for this study was provided by the Kansas State Veterinary
Diagnostic Laboratory and the Swine Health Information Center.
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Simple Estimates for Local Prevalence
of Latent Tuberculosis Infection,
United States, 2011–2015

Maryam B. Haddad, Kala M. Raz,
Timothy L. Lash, Andrew N. Hill,
J. Steve Kammerer, Carla A. Winston,
Kenneth G. Castro, Neel R. Gandhi,
Thomas R. Navin
We used tuberculosis genotyping results to derive estimates of prevalence of latent tuberculosis infection in the
United States. We estimated <1% prevalence in 1,981 US
counties, 1%–<3% in 785 counties, and >3% in 377 counties. This method for estimating prevalence could be applied in any jurisdiction with an established tuberculosis
surveillance system.

A

pproximately 25% of the world’s population is latently infected with Mycobacterium tuberculosis. Latent
tuberculosis infection (LTBI) is an asymptomatic equilibrium between the immune response of the host and the
infectious process. Although not infectious, LTBI can be
activated years later as infectious tuberculosis (TB), which
is why diagnosing and treating LTBI in high-risk populations is a key component of the World Health Organization
End TB Strategy (1–4).
Most countries have established systems for surveillance of active TB. Public health interventions to control TB include timely detection and treatment of active
cases and prompt investigations of persons with recent
contact with someone who has infectious TB. However,
few jurisdictions have estimates of local LTBI prevalence. Having such estimates could help direct TB prevention efforts for persons with the highest risk for infection, highest risk for progression to TB, and greatest
benefit from treatment to prevent progression (2‒4). We
describe a simple method that uses genotyping results
from active TB cases to derive a population estimate of
untreated LTBI prevalence for any jurisdiction.

Author affiliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (M.B. Haddad, K.M. Raz, A.N. Hill, J.S.
Kammerer, C.A. Winston, T.R. Navin); Emory University, Atlanta
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DOI: https://doi.org/10.3201/eid2410.180716
1930

The Study
The US National TB Surveillance System contains 48,955
verified TB cases for 2011–2015. In the subset of 37,723
(77.1%) cases that were confirmed by culture, 36,104 (95.7%)
had an M. tuberculosis isolate genotyped by the National TB
Genotyping Service by using spacer oligonucleotide typing
and 24-locus mycobacterial interspersed repetitive unit–variable number tandem repeat methods. The 50 US states and
the District of Columbia are divided into 3,143 local jurisdictions (typically called counties). We used the US Census
2010 population denominator, annual TB incidence averaged
during 2008–2015, and 2 assumptions for each county to derive an estimated prevalence of LTBI among residents.
For the 1,360 counties with no genotyped TB cases,
which corresponded to 8% of the US population, we estimated local LTBI prevalence as <1%. For other counties,
we assumed that all genotyped TB cases not attributed to
recent M. tuberculosis transmission arose from preexisting
LTBI (i.e., were reactivation TB). We used the previously
field-validated plausible source-case method (5–7) to attribute cases to recent transmission (i.e., plausible source case
within 10 miles within previous 2 years having infectious TB
and a matching genotype result) for the District of Columbia and 49 US states. All cases diagnosed in non–US-born
persons within 100 days of entry into the United States were
excluded because the presumption was that these persons
did not represent infection acquired in the United States.
Because some cases in Oklahoma were missing geographic
identifiers for identifying the 10-mile radius, a modification
for these cases in this analysis was that the plausible source
case could have occurred anywhere in the same county. Our
second assumption was that the same recent transmission
versus reactivation TB proportions for genotyped cases
would apply to nongenotyped TB cases in each county (8).
Based on the estimate of Shea et al. (8) of ≈0.084 cases
of reactivation TB/100 person-years among US residents
with LTBI, we applied a uniform population-level 0.10%
annual risk for progression to active disease to derive an estimated number of county residents with LTBI. As sensitivity analyses, we examined how LTBI prevalence estimates
would decrease with a higher 0.14% uniform annual risk and
how estimates would increase with a lower 0.06% uniform
annual risk. We present estimates as uncertainty limits and
provide the formula and examples of this method (Table 1).
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Table 1. Formula and examples of method for estimating prevalence of latent TB infection, United States, 2011–2015*
Variable
a
b
c
d
e
f
g
h
Jurisdiction Population Average
Proportion of
Annual no.
Estimated
Estimated
Sensitivity analysis for
annual no.
TB cases
cases attributed no. infected prevalence of
estimated prevalence of
active TB
attributed to
to reactivation residents if
infection if
latent infection, %
cases
recent
TB
0.10%
0.10% annual
Lower
Upper
transmission
annual risk
risk for
uncertainty
uncertainty
for
progression, % limit based
limit based
progression
on 0.14%
on 0.06%
annual risk
annual
for
risk for
progression progression
Example X
Any size
0
NA
0
NA
<1
NA
NA
Example Y
150,000
1
0
1
1,000
0.7
0.5
1.1
Example Z
2,000,000
50
0.2
40
40,000
2.0
1.4
3.3

*Let a = jurisdiction population, b = average annual no. TB cases in that jurisdiction, and c = proportion of TB cases attributed to recent transmission (i.e.,
[1 – c] = proportion attributed to latent TB infection). Then if b = 0, d = 0, and f <1%, otherwise d = b × (1 – c) and e = d/0.0010 if one assumes a 0.10%
annual risk and f = e/a (×100 to express as a percentage) or (d/0.0014/a for lower uncertainty limit and h = d/0.0006/a for upper uncertainty limit. NA, not
applicable; TB, tuberculosis.

We estimated that 3.1% (uncertainty limits 2.2%–
5.2% based on higher or lower risk progression assumptions) of the US population, corresponding to 8.9
(6.3‒14.8) million persons, were latently infected with
M. tuberculosis during 2011–2015. County-level estimates varied widely: estimated LTBI prevalence of <1%
in 1,981 counties, 1% –<3% in 785 counties, and >3%
in 377 counties (Figure). As defined by the US Census Bureau Small Area Income and Poverty Estimates,

poverty in >20% of the population was a characteristic
of 146 (72%) of the 202 rural counties and 62 (35%) of
the 175 metropolitan counties that had an estimated LTBI
prevalence >3% (Table 2).
Conclusions
Preventing TB is a growing focus of TB control strategies
in the United States and internationally. As governments,
public health departments, and private sector partners

Figure. Estimated prevalence of latent tuberculosis infection, by county, United States, as derived from genotyped cases of tuberculosis
reported to the US National Tuberculosis Surveillance System, 2011–2015. County equivalents (i.e., Alaska boroughs, District of
Columbia, Louisiana parishes, and Virginia independent cities) are also shown. A modified method for analyzing data for Oklahoma is
found in the text. Prevalence estimates for Alaska are aggregated by region.
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Table 2. Characteristics of 1,976 rural and 1,167 metropolitan counties, by estimated prevalence of latent TB infection, United States,
2011–2015*
1,976 rural counties
1,167 metropolitan counties
1,454 with
320 with
202 with
527 with
465 with
175 with
estimated
estimated
estimated
estimated
estimated
estimated
prevalence
prevalence prevalence
prevalence prevalence prevalence
Characteristic
<1%
1%–<3%
>3%
<1%
1%–<3%
>3%
US Census 2010 data
Combined population of counties
28,727,127 11,750,121 5,816,158
37,414,210 115,341,399 109,697,523
Median county population, rounded
13,000
32,000
23,000
38,000
144,000
291,000
to thousands
Estimated prevalence of Mycobacterium tuberculosis infection
Estimated no. infected in all counties
126,140
191,707
329,547
212,563
2,300,435
5,772,136
Estimated median no. infected/county
0
500
1,112
124
2,376
12,388
County population living in poverty, %†
<10
95 (7)
13 (4)
2 (1)
112 (21)
63 (14)
25 (14)
10–15.5
564 (39)
78 (24)
29 (14)
221 (42)
171 (37)
30 (17)
15.6–19.9
378 (26)
95 (30)
25 (12)
124 (24)
144 (31)
58 (33)
>20
417 (29)
134 (42)
146 (72)
70 (13)
87 (19)
62 (35)
Race/ethnic group in county with largest no. active TB cases reported
Black non-Hispanic
81 (15)
42 (13)
60 (30)
45 (14)
86 (18)
57 (33)
White non-Hispanic
241 (45)
109 (34)
34 (17)
142 (44)
110 (24)
17 (10)
Hispanic
74 (14)
58 (18)
60 (30)
25 (8)
82 (18)
43 (25)
Alaska Native/Native American or
36 (7)
14 (4)
15 (7)
8 (2)
8 (2)
3 (2)
Pacific Islander
Asian
43 (8)
24 (8)
8 (4)
48 (14)
118 (25)
46 (26)
No predominant race/ethnic group
979 (67)
73 (23)
24 (12)
259 (49)
61 (13)
9 (5)
*Values are no. (%) unless otherwise noted. County equivalents (i.e., Alaska boroughs, District of Columbia, Louisiana parishes, and Virginia independent
cities) are also shown. US Department of Agriculture 2013 Rural–Urban Continuum Codes were dichotomized (i.e., codes 4–9 were considered rural and
codes 0–3 were considered metropolitan).
†County all-ages poverty level in 2011 as determined by US Census Bureau Small Area Income and Poverty Estimates.

intensify TB prevention activities, having a tool to understand local variations in LTBI prevalence could help
prioritize resources (2–4).
We used routinely collected TB surveillance and
genotyping data to derive untreated LTBI prevalence estimates for all US counties. This method was designed
to be simple (Table 1). By excluding the contribution
of any TB cases attributed to recent transmission, our
estimates disregard the comparatively smaller number
of recent infections and instead draw attention to more
longstanding LTBI prevalence. Because time since initial M. tuberculosis infection was unknown, a uniform
population-level 0.10% annual risk for progression to
active disease was assumed. Changing that uniform risk
to 0.14% would have decreased the number of counties
with an estimated LTBI prevalence >3% to 113 counties.
A change to 0.06% would have increased the number
of counties with an estimated LTBI prevalence >3% to
516 counties.
A more sophisticated approach to estimate local
longstanding LTBI prevalence might consider individual characteristics and differentiate risk for progression
based on HIV status, age group, and possibly geographic
region, place of birth, and recent migration (8). For example, a person receiving a TB diagnosis soon after arrival in a county would increase the LTBI prevalence estimates for that county, even if the TB was caused by an
infection that had been acquired in another jurisdiction.
1932

Conversely, our overall estimate that 2.2%–5.2% of the
US population is infected is similar to estimates from the
2011–2012 National Health and Nutrition Examination
Survey (9).
For the United States, the last published nationwide
county-level estimates of LTBI prevalence are based
on 1958‒1965 data, when 275,558 men 17‒21 years of
age who had lived their entire lives in 1 county were
examined as they entered the US Navy (10). Men from
poor counties in the southwestern United States and the
Appalachian Mountains were more likely to have positive tuberculin skin test results (10). Compared with estimates from 5 decades ago, our estimates show a more
diffuse pattern of higher LTBI prevalence counties (Figure). However, poverty remains a frequent characteristic of counties that we estimated as having a higher
LTBI prevalence.
This method has limitations. We applied the proportion of genotyped TB cases in the county estimated to
arise from preexisting LTBI to all nongenotyped TB cases
in that county, which could overestimate the prevalence
of LTBI in counties with many pediatric TB cases, which
tend to be more difficult to confirm by culture techniques
(i.e., cannot be genotyped), yet are sentinel events for recent transmission. Conversely, the genotyping methods
used during 2011‒2015 might have overestimated recent
TB infections (i.e., underestimated LTBI prevalence) in
certain localities with longstanding genotyping clusters;
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this limitation should decrease as the National TB Genotyping Service transitions to universal whole-genome
sequencing in 2018.
This method also has several advantages. It could be
applied in jurisdictions without TB genotyping services,
given an assumption or range of assumptions about the
proportion of active TB cases arising from LTBI in the
jurisdiction. Rather than relying on costly and imperfect
LTBI screening methods, its starting point is verified
cases of TB that are already routinely reported to established TB surveillance systems. If deemed applicable, an
adjustment for underreported TB cases could be made. In
addition, these cases represent infected persons who have
the greatest risk for progression to active TB and are the
populations most likely to benefit from interventions to
prevent TB in the future.
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Invasive Pneumococcal Disease
in Refugee Children, Germany
Stephanie Perniciaro, Matthias Imöhl,
Mark van der Linden
Refugee children in Germany are not routinely given a pneumococcal conjugate vaccine. Cases of invasive pneumococcal disease (IPD) in 21 refugee children were compared
with those in 405 Germany-born children for 3 pneumococcal seasons. Refugee children had significantly higher odds
of vaccine-type IPD and multidrug-resistant IPD than did
Germany-born children.

G

ermany has taken in >1 million refugees since 2015
(1), more than one third of whom were children <18
years of age (2). Invasive pneumococcal disease (IPD) is
a major cause of childhood death, especially in resourcepoor environments (3). Conflict settings are associated
with outbreaks of vaccine-preventable diseases for reasons ranging from poor sanitation in refugee holding areas to the rapid movement of refugees, which, in turn,
allows for a similarly rapid spread of disease and the interruption of immunization services because of the lack
of personnel (4).
Of the 10 most frequent countries of origin for refugees arriving in Germany in 2017 (Syria, Iraq, Afghanistan, Turkey, Iran, Nigeria, Eritrea, Russia, Somalia, and
Albania), 6 have a national vaccination program that
includes pneumococcal conjugate vaccines (PCVs) (5);
however, because of the crisis conditions facing those
who fled, timely infant vaccination is unlikely (4). Vaccine-preventable disease outbreaks have been reported in
refugee housing facilities in Germany (6,7), and most of
these cases have originated after arrival in Germany. The
vaccination program for newly arrived refugees does not
include PCVs (8).
Since 1997, the German National Reference Center
for Streptococci (GNRCS) has been collecting bacterial
isolates from IPD cases in children occurring throughout
Germany. We compared IPD isolates received from known
refugee children residing in Germany to IPD isolates from
Germany-born children for the 2014–15, 2015–16, and
2016–17 pneumococcal seasons.

Author affiliation: University Hospital RWTH Aachen,
Aachen, Germany
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The Study
In this retrospective, unmatched case-control study, we
considered all 514 isolates from children (<16 years of age)
with IPD in the GNRCS collection isolated during July 1,
2014–June 30, 2017, for inclusion in the analysis. We defined a case of IPD as Streptococcus pneumoniae (identified by optochin sensitivity and bile solubility) isolated
from a normally sterile site. For the analysis, case isolates
were from refugee children with IPD, and control isolates
were from Germany-born children with IPD. Refugee status was documented by GNRCS personnel in conjunction
with determining vaccination status, as described elsewhere (9). Because identification of refugee status was tied
to the determination of vaccination status, all children with
an unknown vaccination status were excluded.
We determined serotype by using Neufeld’s Quellung
reaction and antimicrobial drug resistance by MIC testing,
as previously described (10). Antimicrobial drug resistance
was defined by the Clinical and Laboratory Standards Institute 2015 breakpoints (11).
We calculated odds ratios (ORs) and 95% CIs with R
software version 3.4.0 (https://www.r-project.org/foundation) using Firth’s bias-reduced logistic regression and adjusted for age and sex using the logistf package (12). We
assigned statistical significance to ORs for which the 95%
CI did not exceed 1. Variables considered in the analysis
were age, sex, vaccination status, and refugee status of the
patient, as well as the serotype and antimicrobial drug resistance profile of the isolate.
During July 1, 2014–June 30, 2017, the GNRCS received 21 IPD isolates from known refugee children (Table).
The average age of infection in refugee children was 3 years.
Of these cases, 11 (44%) had an unknown clinical diagnosis (6 isolates were from blood, 2 from cerebrospinal fluid,
3 from other exudates), 4 (19%) were from meningitis, 3
(14%) were from sepsis, and 3 (14%) were from pneumonia.
Thirteen refugee children, all of whom were unvaccinated,
had vaccine-type IPD (62% overall; 2014–15, 67%; 2015–
16, 67%; 2016–17, 50%). Only 2 refugee children, both with
non–vaccine-type IPD, had been vaccinated with 13-valent
PCV, both with only 1 dose, after arrival in Germany.
We determined vaccination status for 405 isolates
from Germany-born children (Table). The average age at
the time of infection was 2 years. Fifty-four children (13%)
had pneumonia, 88 (22%) had sepsis, 130 (32%) had meningitis, and 133 cases (33%) had an unknown or other
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Table. Invasive pneumococcal disease in refugee children and German-born children, July 1, 2014–June 30, 2017*
No. (%) patients
Mean patient
PCV13
Non-VT
Resistant to >3 classes
IPD season
No. patients
age, y
Unvaccinated
vaccinated
VT serotype
serotype
of antimicrobial drugs
Refugee children in Germany
2014–15
3
1
3 (100)
0
2 (67)
1 (33)
1 (33)
2015–16
12
3
10 (83)
2 (17)
8 (67)
4 (33)
4 (33)
2016–17
6
5
5 (83)
0
3 (50)
3 (50)
3 (50)
Total
21
3
18 (86)
2 (9)
13 (62)
8 (38)
8 (38)
Germany-born children
2014–15
107
2
19 (18)
73 (68)
28 (26)
79 (74)
5 (5)
2015–16
122
2
21 (17)
86 (70)
19 (16)
103 (84)
1 (0.8)
2016–17
176
3
45 (26)
117 (66)
28 (16)
148 (84)
4 (2)
Total
405
2
85 (21)
276 (68)
75 (19)
330 (81)
10 (2)
*VT serotypes are 4, 6B, 9V, 14, 18C, 19F, 23F, 1, 5, 7F, 3, 6A, and 19A. Antimicrobial drug resistance is determined according to the 2015 breakpoints
of the Clinical and Laboratory Standards Institute (11). IPD, invasive pneumococcal disease; PCV13, 13-valent pneumococcal conjugate vaccine; VT,
vaccine type.

diagnosis. Seventy-five cases in this group were vaccinetype IPD (19% overall; 2014–15, 26%; 2015–16, 16%;
2016–17, 16%). Refugee children had significantly higher
odds of contracting vaccine-type IPD (OR 6.60, 95% CI
2.73–16.84) over the study period.
Eight isolates (38% overall; 2014–15, 33%; 2015–16,
33%; 2016–17, 50%) from refugee children were resistant
to >3 classes of antimicrobial drugs, compared with 10 isolates (2% overall; 2014–15, 4%; 2015–16, 1%; 2016–17,
2%) from Germany-born children. Refugee children had
significantly higher odds (OR 23.84, 95% CI 7.98–72.73)
of contracting antimicrobial-resistant IPD over the study
period. Five vaccine-type isolates (38% overall; 2014–15,
50%; 2015–16, 25%; 2016–17, 67%) from refugees were
resistant to >3 of antimicrobial drugs, compared with 5
vaccine-type isolates (7% overall; 2014–15, 11%; 2015–16,
5%; 2016–17, 4%) from Germany-born children. Among
vaccine-type IPD cases, refugee children were significantly
more likely (OR 8.82, 95% CI 2.13–40.10) to have antimicrobial drug–resistant infections.
IPD incidence estimates are shown in online Technical Appendix Table 1 (https://wwwnc.cdc.gov/EID/
article/24/10/18-0253-Techapp1.pdf). For single-season
ORs, the CIs were often wide, and the sample sizes in refugee children were low (2014–15, n = 3; 2015–16, n = 12;
2016–17, n = 6). These ORs are shown in online Technical
Appendix Table 2 and should be interpreted cautiously.
Conclusions
Refugee children in Germany are at greater risk of contracting vaccine-type IPD, antimicrobial drug–resistant IPD,
and antibiotic-resistant vaccine-type IPD. As such, a PCV
program for refugee children may be worth considering in
Germany. Vaccination in newly arrived refugees presents
an opportunity to cost-effectively, safely, and humanely
protect a vulnerable population from negative health outcomes resulting from vaccine-preventable diseases (13).
Given that children in Germany with insecure residence
status are twice as likely to be incompletely vaccinated (2),

a PCV program for refugee children in Germany might require additional follow-up measures to ensure consistency
and provide sufficient protection, particularly because PCV
dosing in Germany-born children with IPD has been lax
(9). A PCV program could help reduce antimicrobial drug–
resistant pneumococcal infections, the carriage of resistant
strains (14), overall antimicrobial drug use, and the prevalence of resistance genes within the pneumococcal population (15).
The IPD case numbers from refugees are low, but
the proportion of vaccine-type isolates and antimicrobial
drug–resistant isolates from refugee children are nevertheless much higher than those of Germany-born children.
Children of unknown vaccination status (n = 109) were
excluded from the analysis; because of the small sample
sizes, if even 1 additional child with vaccine-type IPD per
year was a refugee, the effects we describe would be magnified (online Technical Appendix Table 3).
The risk of vaccine-type IPD is low among fully vaccinated children in Germany. However, among unvaccinated and undervaccinated children, a reintroduction of
vaccine-type pneumococci may result in increased risk
of pneumococcal disease. Without intervention, refugee
children may continue to constitute a special risk group
for vaccine-type IPD and antimicrobial drug–resistant
IPD in Germany. Fully immunizing these children against
vaccine-type IPDs may help reduce the risk for IPD illness and death in Germany.
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Mycobacterium caprae Infection in
Captive Borneo Elephant, Japan

Shiomi Yoshida, Satomi Suga, Satoshi Ishikawa,
Yasuhiko Mukai, Kazunari Tsuyuguchi,
Yoshikazu Inoue, Taro Yamamoto, Takayuki Wada
In 2016, disseminated tuberculosis caused by Mycobacterium caprae was diagnosed in a captive Borneo elephant
in Japan. The bacterium was initially identified from clinical isolates. An isolate collected during a relapse showed
isoniazid monoresistance and a codon 315 katG mutation.

E

lephants are susceptible to infection by some members
of the Mycobacterium tuberculosis complex (MTBC)
(1). The MTBC comprises several genetically homogeneous species that have a wide range of hosts and can
cause tuberculosis in humans and in animals. Infection in
elephants is presumed to originate from human caretakers
who have tuberculosis; however, transmission between elephants or from other animals is also possible (2–4).
Phylogenetic events during the divergence of MTBC
species are represented within the genomes of MTBC species (5). Whole-genome sequencing has shown that singlenucleotide polymorphism (SNP) microevolution occurs in
MTBC strains in the host.
We describe mycobacterial infection in an elephant
that was caused by a relatively uncommon species of
MTBC. M. caprae infection, a species of the MTBC, was
diagnosed in a captive Borneo elephant (Elephas maximus
borneensis) that was brought directly from Borneo island
after being orphaned.
The Study
In February 2016, an ≈17-year-old female Borneo elephant
in the Fukuyama Zoo (Fukuyama, Japan) had low-grade fever (99.9°F), anorexia, progressive weight loss, and cough
with sputum. The elephant had been housed alone in a
Author affiliations: Nagasaki University Graduate School of
Biomedical Sciences, Nagasaki, Japan (S. Yoshida); National
Hospital Organization Kinki-chuo Chest Medical Center Clinical
Research Center, Sakai, Japan (S. Yoshida, K. Tsuyuguchi,
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S. Ishikawa, Y. Mukai); Nagasaki University Institute of Tropical
Medicine, Nagasaki (T. Yamamoto, T. Wada); Nagasaki University
School of Tropical Medicine and Global Health, Nagasaki (T. Wada)
DOI: https://doi.org/10.3201/eid2410.180018

facility with a roofed room and an open-air enclosure and
had no contact with other animals. She was seropositive by
Chembio DPP VetTB Assay for Elephants (Chembio Diagnostic Systems, Inc., Medford, NY, USA), which detects
antibodies to CFP10/ESAT-6 and MPB83 antigens (6,7).
Submitted specimens to the National Hospital Organization Kinki-chuo Chest Medical Center (Sakai, Japan)
were sputum, feces, urine, and vaginal discharge recovered from the floor. Acid-fast bacilli were visualized on
Ziehl-Neelsen staining performed according to standard
methods (8). Isolates with smooth to greasy, domed, nonchromogenic colonies were recovered from all submitted
samples using both 7H11 agar and MGIT broth (Becton
Dickinson, Fukushima, Japan) and identified as MTBC
using loop-mediated isothermal amplification (Eiken
Chemical, Tokyo, Japan) and TaqMan PCR (Roche Diagnostics, Tokyo, Japan) (9).
A single colony was sequenced using MiSeq (Illumina, Inc., Tokyo, Japan). Raw reads were trimmed by
base quality and were mapped to the M. tuberculosis reference genome, H37Rv (GenBank accession no. CP003248).
The initial isolate, EPDC01, was characterized by the
presence and absence of genomic regions of difference,
the mutation (G to A) of oxyR285, and M. caprae–specific
SNPs in lepA (10) (Table 1, https://wwwnc.cdc.gov/EID/
article/24/10/18-0018-T1.htm). These results unexpectedly
suggested that the causative agent of tuberculosis in this
elephant was M. caprae. The regions of difference analysis suggested that EPDC01 belonged to the Allgäu type of
M. caprae found in red deer (Cervus elaphus) (11). However, when we used kSNP3 (12), a kmer-based method,
to compare SNPs from the entire genome of EPDC01
to previously published Allgäu and Lechtal types of M.
caprae and other MTBC species, the results showed this
isolate was not closely related to either Allgäu or Lechtal types (Figure; online Technical Appendix Figure,
https://wwwnc.cdc.gov/EID/article/24/10/18-0018Techapp1.pdf) (13).
The isolate was susceptible to isoniazid, rifampin, ethambutol, and levofloxacin according to the broth microdilution method (BrothMIC MTB-1; Kyokuto Pharmaceutical,
Inc, Tokyo, Japan). It also was susceptible to pyrazinamide
using Bactec MGIT 960 PZA kit (Becton Dickinson).
The infected elephant initially weighed 2,400 kg;
isoniazid (4.5–7 mg/kg), pyrazinamide (31–33 mg/kg),
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Figure. Phylogenetic tree
of isolate EPDC01 from a
captive Borneo elephant
with Mycobacterium caprae
infection, Japan, 2016, and 8
Mycobacterium caprae strains
(Allgäu and Lechtal types)
from a report by Broeckl et al.
(13). Short reads of M. caprae
strains were assembled by
CLC Genomics Workbench
version 9.5.1 (https://www.
qiagenbioinformatics.com/
solutions/functional-genomic
s/?gclid=EAIaIQobChMIvvG
L3L7T2wIVTSOBCh2FAAKt
EAAYASAAEgKLWvD_BwE)
before analysis. Core singlenucleotide polymorphisms of all
13 strains, including reference
M. tuberculosis complex strains
(M. bovis, AF2122/97 [GenBank
accession no. NC_002945.4]: M. orygis, 112400015 [NZ_APKD00000000.1]: M. pinnipedii, BAA-688 [MWXB00000000.1]: M.
microti, strain 12 [CP010333.1]: and M. mungi, BM22813 [NZ_LXTB00000000.1]), were determined and used for tree construction
based on neighbor-joining by kSNP3 (12). A tree including all 61 strains described by Broeckl et al. (13) is shown in the online
Technical Appendix Figure (https://wwwnc.cdc.gov/EID/article/24/10/18-0018-Techapp1.pdf). Scale bar indicates nucleotide
substitutions per site.

and levofloxacin (11 mg/kg) were administered rectally,
once a day. When weighing on a scale was not possible,
the elephant’s weight was estimated using the chest girth
method. After 1 month of treatment, the vaginal discharge
disappeared, and the elephant’s sputum culture became
negative after 2 months. After 6 months, the multidrug
treatment was interrupted for 3 weeks because of severe
gastrointestinal disturbance and hepatic dysfunction.
Rectal administration of isoniazid and pyrazinamide was
resumed for an additional 3 months after recovery from
adverse effects. Follow-up trunk wash samples were culture negative, but M. caprae was isolated from a sputum
sample collected from the chin in February 2017. This
new isolate was resistant to isoniazid. The drug regimen
was then changed to oral rifampin (10 mg/kg) and rectal
ethambutol (30 mg/kg), levofloxacin (10 mg/kg), and pyrazinamide (30 mg/kg). Under the modified treatment, the
recurrence symptoms disappeared, and the routine sputum
cultures became negative.
We also sequenced the recurrent isoniazid-resistant
isolate (EPDC02) using a MiSeq and detected a mutation
in katG where Ser-315 was replaced by 113 Thr (S315T).
No mutations were detected in other representative drug resistance–related genes, such as rpoB (rifampin); rrn, gidB,
and rpsL (streptomycin); embABC (ethambutol); pncAC
(pyrazinamide); and gyrAB (quinolone). The pairwise distance between the initial and relapse isolates (EPDC01 and
EPDC02) involved at least 7 single-nucleotide variants
found in coding regions (Table 2).
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For serologic monitoring of treatment, we tested archived serum samples collected before and during treatment using the DPP assay. Although a sample in November
2003 was reactive on CFP10/ESAT-6 but not on MPB83, at
the time of culture-based tuberculosis diagnosis (February
2016), the reaction to CFP10/ESAT-6 was more intense,
and the complete band of MPB83 appeared. The intensity
to 2 test lines gradually decreased during the initial treatment (September 2016) and disease recrudescence (February 2017). The modified 18-month course of treatment is
scheduled to end in October 2018.
Employees at the zoo were assessed for tuberculosis based on symptoms, radiographs, and serology using the QuantiFERON-TB Gold test (QIAGEN, Tokyo,
Japan); none had active tuberculosis. Clinical examination, culture, PCR, and tuberculin skin test were used
to evaluate as many primates and hoofstock as possible
in the collection, and no tuberculosis-positive animals
were identified.
Conclusions
A better understanding of tuberculosis in elephants is
crucial to improve medical management and reduce risk
of transmission to other animals and humans. During the
initial treatment of the elephant reported here, treatment
was interrupted for 3 weeks because of adverse effects.
Reducing the dose of isoniazid was the probable cause of
the acquired isoniazid resistance. When treating tuberculosis in elephants, the benefits and adverse effects should be
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Table 2. Single nucleotide polymorphism differences between isolates EPDC01 and EPDC02 from a captive Borneo elephant with
Mycobacterium caprae infection, Japan, 2016*
Genomic position
Gene
Mutation
Amino acid change
Description of function
1,338,135
Rv1194c
Unknown
G  frameshift
Gln127  frameshift
1,445,272
Rv1290A
Unknown
CT
Ala72  Val
2,155,168
katG
Catalase; isoniazid resistance
CT
Ser315  Asn
2,577,556
Rv2306A
Unknown
GA
Gly150  Glu
3,200,585
Rv2891
Unknown
TG
Leu107  Arg
3,777,062
Rv3365c
Unknown
CA
Gly147  Val
4,298,329
pks2
Lipid metabolism
GA
Pro426  Leu
4,345,372
Rv3869
Unknown
GC
Ala112  Pro
*Excluded paralogue genes, which are the descendants of an ancestral gene and underwent a duplication event.

weighed carefully. The DPP provides an indirect measure
of infection and disease status (6). In this elephant, declining DPP reactivity was thought to indicate a response to
therapy; however, more sensitive biomarkers to monitor
therapeutic response are needed.
Previously, epidemiologic observations of elephant
tuberculosis by IS6110 restriction fragment-length polymorphism have been based on evidence of local zoonotic risk for transmission to humans or of an epizootic
reservoir for transmission to elephants or other animal
species (goats and rhinoceros) (1,14). Recently, M. tuberculosis strains in 2 captive elephants in a small traveling circus harbored 3 nucleotide changes, according to
whole-genome sequencing (15). M. tuberculosis has
been isolated from Asian elephants among regions in
southern Asia (3,4). Although the transmission routes
have not been defined, our result and those of previous
reports indicate that MTBC species may be spilling over
into elephants.
Our finding emphasizes the need to identify the
species of MTBC when tuberculosis is diagnosed
in elephants. Although corroborating epidemiologic
evidence of transmission has not been discovered,
genomic data of the M. caprae isolates has been registered in the open database (BioProject ID PRJDB6469;
BioSample ID SAMD00098240 for EPDC01,
SAMD00098241 for EPDC02). Accumulation of genomic data of clinical isolates is expected to be helpful
for future comparative studies.
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Two genetically dissimilar sequence type 1 clades dominate the serotype VI group B Streptococcus population of
strains causing invasive disease in Canada. Isolates of this
rare serotype, recovered mainly from adult patients, were
all susceptible to penicillin and vancomycin. However, we
observed resistance to erythromycin and clindamycin.

S

erotype VI group B Streptococcus (GBS), which is
common in Japan (prevalence rates 16%–40%) and has
recently emerged in Malaysia and Taiwan, remains rare in
Europe and North America (1–4). However, invasive serotype VI infections have been noticed in Alberta and Ontario, Canada (5,6), and unpublished surveillance data for
Canada (National Microbiology Laboratory, https://www.
canada.ca/en/public-health/services/publications/drugshealth-products/national-laboratory-surveillance-invasivestreptococcal-disease-canada-annual-summary-2015.html)
show low frequency (1.2%–4.1%) but sustained isolation of
this GBS serotype in recent years. Here, we characterize a
collection of 26 invasive serotype VI GBS strains recovered
by passive surveillance in central Canada during 2010–2014
(online Technical Appendix 1, https://wwwnc.cdc.gov/EID/
article/24/10/17-1711-Techapp1.xlsx). Two isolates came
from early onset disease (patients age 0–6 days) and 1 from
late-onset disease (patients age 7–90 days). Twenty-two isolates came from adult patients (9 age 18–60 years and 13
age >60 years, a distribution similar to that reported for adult
patients with serotype V or serotype IV invasive disease in
Canada [5,6]). Patient age was not available for 1 isolate.
We sequenced the genomes of all isolates using Illumina technology (Illumina, San Diego, CA, USA; National
Center for Biotechnology Information BioProject PRJNA420560) and performed in silico multilocus sequence
1941

typing. Isolates belonged to sequence types (STs) ST889 (n
= 1), ST297 (n = 1), ST14 (n = 2), and ST1 (n = 22) (online
Technical Appendix 1). ST297, ST14, and ST1 are members of clonal complex (CC) 1; most serotype IV and V
isolates responsible for adult disease in Canada also belong
to CC1 (5–7). However, genome-wide, single-nucleotide
polymorphism (SNP)–based phylogenetic analysis showed
that CC1 isolates of these 3 serotypes are genetically dissimilar (online Technical Appendix 2 Figure 1, https://
wwwnc.cdc.gov/EID/article/24/10/17-1711-Techapp2.pdf;
genome-wide SNPs were identified relative to the genome
of GBS-M002, a serotype VI isolate from Taiwan [GenBank accession no. CP013908.1]). Antimicrobial drug resistance among serotype VI isolates was, overall, similar to
that described among serotype IV and V isolates causing
adult invasive disease in Canada (5,8) (MICs for penicillin,
erythromycin, clindamycin, tetracycline, and vancomycin
were determined using the agar dilution method or Etest
according to Clinical and Laboratory Standards Institute
guidelines [9]). All serotype VI isolates were susceptible
to penicillin and vancomycin (online Technical Appendix
1). Resistance to erythromycin was found in 10 (38%) invasive isolates, resistance to clindamycin in 9 (35%), and
resistance to tetracycline in 8 (31%) (online Technical Appendix 1). All lincosamide- and macrolide-resistant strains
possessed gene ermB; 1 isolate had genes mefA and msrD.
Genes tetS, tetM, and tetO were associated with observed
resistance to tetracycline (online Technical Appendix 1).
Most (n = 22) ST1 isolates in our collection had a
pilus island (PI) profile consisting of PI-1 containing the
recently described PI-1 backbone protein subunit BP1b (10) (BP1b-PI-1), in combination with PI-2a (online
Technical Appendix 1). One ST1 isolate (NGBS1605)
possessed the traditional PI-1 and PI-2a (online Technical
Appendix 1). The ST14 isolates had BP1b-PI-1 and PI-2b.
The ST889 isolate possessed only PI-2a (online Technical Appendix 1). We found differences among isolates in
genes encoding α-like proteins (Alps): the ST297 isolate
and most ST1 strains had gene bca encoding α-C protein.
ST1 isolates NGBS543 and NGBS1605 possessed gene
alp3, encoding Alp3. The ST14 and ST889 isolates possessed gene alp1, encoding Alp1 (or epsilon) protein (online Technical Appendix 1).
We next examined the extent of genetic diversity
among the numerically dominant group of serotype VI ST1
organisms. For comparative purposes, genome data for 3
additional serotype VI strains were included (French strain
CCH330, SRA accession no. ERX298473; Malaysian strain
PR06, GenBank accession no. AOSD00000000.1; and 1
temporally matched serotype VI isolate recovered from a
colonized pregnant woman in Canada; online Technical
Appendix 1). Recombination was the main driver of genetic
diversity among serotype VI ST1 organisms. Most (n = 16)
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ST1 isolates clustered closely with Malaysia strain PR06
(online Technical Appendix 2 Figure 2). This clade (arbitrarily named the Malaysian clade) included most ST1 isolates with resistance to erythromycin and clindamycin. Recombination in a region of ≈200 kbp containing the genes
encoding the 2-component virulence regulator CsrRS differentiated the Malaysian clade from a second clade formed
by 5 Canadian isolates and the French and Taiwanese ST1
isolates (arbitrarily named the Taiwanese clade) (online
Technical Appendix 2 Figure 2). Recombination also explains the aforementioned differences in Alp- and pilus
subunit–encoding genes among serotype VI ST1 strains.
Isolates NGBS543 and NGBS1605 differed from other ST1
isolates by recombination in a region spanning 107 and 89
kbp, respectively, containing Alp-encoding genes. These 2
isolates also differed between themselves by recombination
in the PI-1 locus (online Technical Appendix 2 Figure 2).
Global travel and migration are known contributors to
the emergence of bacterial clones in new geographies (11).
Serotype VI GBS infections have emerged in Malaysia and
Taiwan (3,4). The population of serotype VI GBS isolates in
Canada is dominated by 2 ST1 clades, each closely related
genetically to the Malaysian or Taiwanese isolates. Although
it is tempting to speculate that these 2 ST1 genotypes were
introduced into Canada from overseas, the speculation cannot be fully supported by our current limited dataset. Continued monitoring for serotype VI GBS infections is warranted.
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We report a 26-year-old man with Psychrobacter sanguinis cellulitis of a wound sustained during ocean fishing in
Washington, USA, in 2017. Psychrobacter spp. are opportunistic pathogens found in a wide range of environments.
Clinicians should be aware of Psychrobacter spp. and perform 16S rRNA sequencing if this pathogen is suspected.

I

n February 2017, a 26-year-old man sought treatment at
an urgent care facility (Harrison Medical Center, Bainbridge Island, Washington, USA) for a hand laceration and
reported tingling in his fingers, hand, and forearm. The
laceration was a healing 6-cm diagonal cut across the dorsum of the hand with surrounding erythema and cellulitis
without active bleeding. Vital signs (blood pressure, pulse,
respiration, and temperature) were within reference ranges.
The patient reported that his wound occurred while he was
cutting squid bait when he was ocean fishing for crabs in
Puget Sound (Pacific Ocean), Washington, USA. The squid
bait was purchased frozen from an independent fishing
retail store. The patient did not report any other pertinent
medical history (e.g., immunosuppression). We cleaned
and dressed his wound, administered tetanus vaccine (Adacel; Sanofi Pasteur Inc., Swiftwater, Pennsylvania, USA)
prophylactically, and treated him as an outpatient with oral
cephalexin and topical bacitracin zinc. He fully recovered.
We submitted a wound swab sample to the hospital laboratory for bacterial culture. The cultures yielded rare colonies
of coagulase-negative Staphylococcus spp. and light growth
of a gram-negative rod. In a subsequent attempt to identify
the unknown gram-negative rod by VITEK 2 (bioMérieux
Inc., Durham, NC, USA), the results suggested Brucella
spp. The isolate was sent to Washington State Public Health
Laboratories (Shoreline, Washington, USA) for confirmatory testing, but the isolate tested negative for Brucella spp.
by PCR. No leftover squid bait was available for sampling.
Gram staining of the isolate revealed gram-negative coccobacilli arranged in pairs with rare cells that retained crystal
violet stain. When culturing at 35°C was performed, medium-sized, convex, sticky, nonhemolytic colonies formed on
blood agar and pinpoint colonies with pitting on chocolate
agar. Colonies were catalase, oxidase, and urease positive.
The isolate could not be identified by matrix-assisted laser
desorption/ionization mass spectrometry (MALDI Biotyper
CA System, research-use-only version 4.1.8; Bruker Daltonics Inc., MA, USA). Sequencing of 16S rRNA performed
by the Centers for Disease Control and Prevention (Atlanta,
Georgia, USA) identified the bacterium as Psychrobacter
sanguinis (GenBank accession no. MH178035).
We performed antimicrobial susceptibility testing under aerobic conditions at 35°C using disk diffusion testing. Despite the absence of standardized break points for
Psychrobacter spp., the large zone sizes indicated that the
isolate was susceptible to cefazolin, cefepime, cefoxitin,

ceftriaxone, ciprofloxacin, meropenem, penicillin, and tetracycline. The isolate tested negative for β-lactamase.
Psychrobacter are psychrotrophic (i.e., cold tolerant),
gram-negative bacteria of the family Moraxellaceae (1).
Psychrobacter spp. have been isolated from marine species (crustaceans, fish, and marine mammals); marine environments (seabed and seaweed); food products (seafood,
cheese, and meat); storks; pig digestive tracts; and lamb
lungs (https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/
wwwtax.cgi). Psychrobacter spp. might also be a component of the human microbiota; studies have demonstrated
the presence of P. arenosus, P. faecalis, P. phenylpyruvicus,
and P. pulmonis in the human gut (2).
Only a subset of Psychrobacter spp. are considered
medically relevant opportunistic pathogens on the basis
of a limited number of published case reports (1,3). Clinical manifestations depend on the infection site and include
bacteremia (4,5), meningitis (6,7), surgical wound infection (8), and ocular infection (9). Of these cases, only 1 was
associated with exposure to a marine environment; in that
case, the patient experienced P. phenylpyruvicus bacteremia after consuming a raw geoduck clam that was possibly
imported from the Pacific Northwest (5).
P. sanguinis was reported as a new species in 2012, after
retrospective isolation from the blood of 4 patients in New
York, USA (10). P. sanguinis infection was subsequently
reported in a patient with meningitis in France (7), and an
organism closely related to P. sanguinis (98% identity of 16S
rRNA) was reported in a patient with meningitis in Mexico
(6). One of these patients acquired the infection nosocomially, but the source of the infections could not be determined,
and exposure to marine environments was not reported for
either case. Both patients were treated with antimicrobial
drugs; 1 patient fully recovered, and the other died from
complications, including septic shock. P. sanguinis has previously been described as broadly susceptible (7); however,
Psychrobacter spp. have displayed penicillin resistance (1).
We describe a case of P. sanguinis infection in a healthy
person after wound exposure to squid bait and seawater of
the Pacific Northwest Coast. The source of the infection
could not be determined, but isolation of Psychrobacter
spp. from a wide range of environments suggests the infection could have occurred from exposure to the marine
environment. Contamination of the wound by human gut
microbiota cannot be excluded but is unlikely, given that
only 2 types of bacteria were isolated from the wound. The
wound displayed cellulitis, a presentation consistent with
infection by an opportunistic pathogen; this finding, therefore, expands the clinical spectrum of P. sanguinis infection. Clinicians and laboratorians should be aware of the
opportunistic potential of Psychrobacter spp. and the limitations of commercial identification systems for confirming
these agents.
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We used deep sequencing of the 16S rRNA gene from
sputum to identify Haemophilus influenzae in a patient with
community-acquired pneumonia. This method may be more
effective than conventional diagnostic tests in pneumonia
patients because of its speed and sensitivity.

P

athogen identification in patients with communityacquired pneumonia primarily relies on culture-based
techniques (1,2). Sequencing-based approaches for pathogen identification are being applied to pneumonia patients
(3). MinION (Oxford Nanopore Technologies, Oxford,
UK), a nanopore sequencer, is gaining attention in metagenomics research because of its capability for long-read
sequencing and real-time analysis, along with its small
size (4,5). Recently, the first use of MinION for real-time
metagenomic sequencing of bronchoalveolar lavage (BAL)
specimens in pneumonia patients was reported (6). We report successfully detecting a respiratory pathogen by deep
sequencing of 16S amplicons of sputum using MinION.
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A 77-year-old man with end-stage renal disease and
asthma was hospitalized in June 2017 because of hypoxic
respiratory failure. Dyspnea developed 4 days before admission, and sputum production and rhinorrhea increased
significantly. Crackles were present in both lungs, and
tachypnea was noted. Chest computed tomography scan revealed multiple nodular lesions and branching opacities in
both lungs (Figure, panel A). Leukocytosis was absent, but
C-reactive protein and procalcitonin were elevated (46.41
mg/dL [reference 0–0.5 mg/dL] and 32.03 ng/mL [reference 0–0.5 ng/mL], respectively). Results of extensive
diagnostic testing performed on sputum, including Gram
staining, bacterial culture, acid-fast bacilli testing, and PCR
for 16 respiratory viruses and tuberculosis/nontuberculous
mycobacteria, were negative. After 2 weeks of empiric antimicrobial treatment with ceftazidime and ciprofloxacin,
the patient recovered to baseline status.
We retrospectively performed 16S amplicon sequencing with MinION. We extracted genomic DNA (Genomic DNA Mini Kit, Invitrogen, Carlsbad, CA, USA) from

sputum obtained by oropharyngeal suction after a single
empiric administration of an antimicrobial drug (cefuroxime, 500 mg). We generated the sequencing libraries using a rapid 16S amplicon sequencing kit (SQK-RAS201).
After 30 cycles of PCR using universal 16S primers (27F
and 1492R) included in the kit, we attached sequencing
adaptors. A total of 470,231 reads were generated during the 5-hour sequencing time. We analyzed the reads
using the EPI2ME 16S BLAST workflow (https://blast.
ncbi.nlm.nih.gov/Blast.cgi); 122,722 reads aligned with
1 of the bacterial 16S rRNA gene sequences with >80%
accuracy. Of these reads, 119,943 (98.1%) were aligned
with the genus Haemophilus and 115,068 (94.11%) were
aligned with Haemophilus influenzae (Figure, panels B, C).
We obtained similar results by analyzing the subgroups of
reads generated during the first 10 minutes and during the
first hour (Figure, panel C). Because the overwhelming
majority of the reads were aligned with H. influenzae versus other oral commensal bacteria, we regarded H. influenzae as the pathogen. Repeated nanopore sequencing using

Figure. Chest computed tomography scan and sequencing of the 16S amplicon in a 77-year-old man with end-stage renal disease
and asthma. A) Hypoxic respiratory failure with bilateral infiltrates are visible on chest computed tomography scan. B) Sequencing of
the 16S amplicon performed on sputum using the MinION sequencer (Oxford Nanopore Technologies, Oxford, UK). Sequencing for 5
h generated 470,231 reads. A total of 122,272 reads were aligned with 1 of the bacterial 16S rRNA gene sequences, and most reads
(119,943 [98.1%]) were aligned with genus Haemophilus. C) Of the 122,272 aligned reads, nearly all (115,068 [94.11%]) were aligned
with the species H. influenzae (left). The number of reads aligned with H. influenzae was >100-fold larger than those aligned with other
oral commensal bacteria. Similar results were obtained from the subgroup analyses of reads generated during the first hour (middle) and
during the first 10 min (right).
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different workflow and additional quantitative PCR
confirmed the results (online Technical Appendix, https://
wwwnc.cdc.gov/EID/article/24/10/18-0234-Techapp1.pdf).
We identified the pneumonia pathogen in this patient
by deep sequencing of 16S amplicons from sputum using
MinION. The reads aligned to H. influenzae were >100fold more abundant than reads aligned with other commensal bacteria, reflecting the significant proliferation of
H. influenzae in the patient’s respiratory tract. H. influenzae
is an opportunistic pathogen of the respiratory tract that
becomes pathogenic only when other risk factors are present (7). H. influenzae infection is most effectively treated
with intravenous third-generation cephalosporins, whereas
resistance to β-lactam antimicrobial drugs is prevalent (8).
We suggest deep sequencing of the 16S rRNA gene from
sputum as a new method of detecting respiratory pathogens.
Although expectorated sputum is the most readily available
specimen, the specimen must transverse the upper airways,
which are colonized with multiple bacteria; thus, criteria for
acceptable sputum are widely used (9). Otherwise, quantitative cultures of BAL specimens are used; these specimens
are less affected by upper airway commensals, but BAL is
largely restricted to nosocomial or ventilator-associated
pneumonia (10). Respiratory pathogens can be identified directly from sputum by comparing the relative ratio of reads
aligned with each bacteria, without the prerequisite of microscopic examination or bronchoscopy.
Nanopore sequencing of 16S amplicons enables rapid
pathogen identification in pneumonia patients. With the
MinION sequencer, generated reads can be analyzed in
real time, which makes this approach more promising
(4,6). Tentative point-of-care diagnosis by nanopore 16S
sequencing and confirmation of the result by standard culture methods would be a feasible approach. In the case we
report, we performed sequencing for 5 hours; moreover,
the subgroup analyses of reads generated for the first hour
and for the first 10 minutes produced similar results, indicating that a relatively short sequencing time would be
sufficient for pathogen identification. We estimate that the
turnaround time for MinION 16S sequencing can be reduced to <8 hours.
The 16S amplicon sequencing–based diagnostic approach can be more sensitive than conventional tests and
would be particularly useful for identifying unculturable
bacteria or detecting bacteria in specimens collected after
exposure to antimicrobial drugs. Therefore, this method
might enable detection of pathogens that were not detected by conventional tests (3), as demonstrated by the case
we report.
Nanopore 16S amplicon sequencing from sputum
can be more effective than conventional diagnostic tests
in pneumonia patients because of its speed and sensitivity. However, further studies with more cases are needed to
1946

establish reliable diagnostic criteria for respiratory
pathogens based on the relative read abundance compared
with commensal bacteria.
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Serious adverse events after immunizations are rare. We
review the case of a man who, 50 years earlier, experienced
a serious adverse neurologic event 2 weeks after receiving influenza vaccine. He had received no subsequent seasonal influenza vaccinations, but after the risks and benefits
were considered, he was vaccinated without adverse event
that season.

N

eurologic adverse events following immunization
(AEFIs), such as encephalitis or acute disseminated
encephalomyelitis (ADEM), developing after influenza
vaccination have been observed but are rare. It is challenging to determine the causal relationship between an
influenza vaccination and an AEFI. A 2011 review by the
Institute of Medicine found epidemiologic evidence to be
insufficient and mechanistic evidence to be weak for establishing a causal association between influenza vaccination
and encephalitis or ADEM (1). A more recent review of
serious AEFIs found that 4 cases of ADEM had possible
causal association with vaccination for the 2009 pandemic
influenza A(H1N1) virus (2).
We examined 1 example of an AEFI in a patient who
was subsequently issued a medical exemption from future
vaccinations. The patient’s original AEFI was documented
in 1969 (3). Meningoencephalitis developed in the patient,
a 29-year-old member of the US military, ≈2 weeks after
receiving seasonal influenza vaccine. After a brief hospitalization and supportive care, he recovered without sequelae.
The patient was given a medical exemption from subsequent influenza vaccinations for the remainder of his time
in the military. For the next 48 years, he declined nearly all
vaccinations. (In 2011, the patient did receive 1 dose of a
vaccine unrelated to influenza.)
In September 2017, at 77 years of age, the patient expressed concern to his primary care physician about his level of protection against infections because he was considering moving to an assisted living facility. After discussing
risks and benefits with his healthcare providers, he agreed
to receive pneumococcal conjugate vaccine 13 in October

2017, followed ≈1 month later by seasonal influenza vaccine (ccIIV4; Flucelvax; Seqirus, Summit, NJ, USA). He
reported feeling well over the subsequent 3 months of
follow-up and anticipates that in the fall of 2018 he will
receive pneumococcal polysaccharide vaccine 23 and seasonal influenza vaccine.
The influenza vaccine that this patient received in 1969
was a bivalent product that included A2/Aichi/2/68 and
B/Massachusetts/3/66 antigens cultured in embryonated
chicken eggs (4). It is unclear how the 1969 vaccine compares with modern-era influenza vaccines in terms of rates
of rare AEFIs and how medical experts assessed causality after the AEFI that resulted in the patient’s exemption
from all future influenza vaccinations, nearly 50 years ago.
However, AEFI causality assessments have become more
rigorous over time, under United States and World Health
Organization guidelines (5,6).
When deciding whether to continue vaccinating a
patient who has experienced a serious neurologic AEFI,
all available information should be considered, including the licensing of the vaccine and, in the United States,
the Centers for Disease Control and Prevention/Advisory Committee on Immunization Practices’ General Best
Practice Guidelines for Immunization (7). The risk for
new or recurrent neurologic events after subsequent vaccination is unknown.
More cases of encephalitis and ADEM are associated
with virus infection than with vaccination. However, recurrence of such events is rare, even after repeated virus infections. Because of this rarity, when relapse of ADEM occurs in adults, it is more likely to be diagnosed as multiple
sclerosis than as an independent recurrence of ADEM (8).
Providers may be challenged to determine if, when, and
how to administer vaccines to a patient who has had a serious AEFI. Although it may seem easiest and safest to permanently exempt persons from further vaccination, doing
so may inappropriately deprive them of disease protection
because factors relevant to risk and benefit change over time
(9). We propose that vaccine exemptions should be revisited
regularly, regardless of how long they have been in effect.
Acknowledgment
We are grateful to the patient described in this report, who has
given his consent to share this information.
About the Author
Dr. Ryan is currently the medical director of the Pacific Region
Office of the Defense Health Agency Immunization Healthcare
Branch and an adjunct professor at the University of California
San Diego School of Medicine. Many of her research
publications focus on infectious diseases of
military importance.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

1947

RESEARCH LETTERS
References
1.

2.

3.
4.
5.

6.

7.

8.

9.

Committee to Review Adverse Effects of Vaccines; Institute of
Medicine. Stratton K, Ford A, Rusch E, Clayton EW, et al., editors.
Adverse effects of vaccines: evidence and causality. Washington:
National Academies Press; 2011. p. 293–308.
Williams SE, Pahud BA, Vellozzi C, Donofrio PD, Dekker CL,
Halsey N, et al. Causality assessment of serious neurologic adverse
events following 2009 H1N1 vaccination. Vaccine. 2011;29:8302–
8. http://dx.doi.org/10.1016/j.vaccine.2011.08.093
Rosenberg GA. Meningoencephalitis following an influenza
vaccination. N Engl J Med. 1970;283:1209. http://dx.doi.org/
10.1056/NEJM197011262832208
Centers for Disease Control. Influenza vaccine: recommendations
of the Public Health Service Advisory Committee on Immunization
Practices. MMWR Morb Mortal Wkly Rep. 1970;19:327.
Halsey NA, Edwards KM, Dekker CL, Klein NP, Baxter R,
Larussa P, et al.; Causality Working Group of the Clinical
Immunization Safety Assessment Network. Algorithm to assess
causality after individual adverse events following
immunizations. Vaccine. 2012;30:5791–8. http://dx.doi.org/
10.1016/j.vaccine.2012.04.005
Tozzi AE, Asturias EJ, Balakrishnan MR, Halsey NA, Law B,
Zuber PL. Assessment of causality of individual adverse
events following immunization (AEFI): a WHO tool for global
use. Vaccine. 2013;31:5041–6. http://dx.doi.org/10.1016/
j.vaccine.2013.08.087
Kroger AT, Duchin J, Vázquez M. General Best Practice
Guidelines for Immunization. Best practices guidance of the
Advisory Committee on Immunization Practices (ACIP) [cited 16
Apr 2018]. https://www.cdc.gov/vaccines/hcp/acip-recs/
general-recs/index.html
Koelman DL, Chahin S, Mar SS, Venkatesan A, Hoganson GM,
Yeshokumar AK, et al. Acute disseminated encephalomyelitis
in 228 patients: a retrospective, multicenter US study.
Neurology. 2016;86:2085–93. http://dx.doi.org/10.1212/
WNL.0000000000002723
Poland GA, Fleming DM, Treanor JJ, Maraskovsky E, Luke TC,
Ball EM, et al. New wisdom to defy an old enemy: summary
from a scientific symposium at the 4th Influenza Vaccines for
the World (IVW) 2012 Congress, 11 October, Valencia, Spain.
Vaccine. 2013;31(Suppl 1):A1–20. http://dx.doi.org/10.1016/
j.vaccine.2013.02.033

Address for correspondence: Margaret Ryan, Defense Health Agency
Immunization Healthcare Branch, Pacific Region Office at Naval
Medical Center San Diego, Bldg 6, Rm 4V-7C1, San Diego, CA 92134,
USA; email: margaret.a.ryan6.civ@mail.mil

Fatal Cronobacter sakazakii
Sequence Type 494
Meningitis in a Newborn,
Brazil
Cláudia Elizabeth Volpe Chaves,1 Marcelo Luiz
Lima Brandão,1 Mara Luci Gonçalves
Galiz Lacerda, Caroline Aparecida Barbosa
Coelho Rocha, Sandra Maria do Valle
Leone de Oliveira, Tânia Cristina Parpinelli,
Luiza Vasconcellos, Stephen James Forsythe,
Anamaria Mello Miranda Paniago
Author affiliations: National Institute of Quality Control in Health of
Oswaldo Cruz Foundation, Rio de Janeiro, Brazil (C.E.V. Chaves,
M.L.L. Brandão, L. Vasconcellos); Federal University of Mato
Grosso do Sul, Mato Grosso do Sul, Brazil (C.E.V. Chaves,
S.M. do Valle Leone de Oliveira, A.M.M. Paniago); Regional
Hospital of Mato Grosso do Sul, Mato Grosso do Sul
(M.L.G. Galiz Lacerda, C.A.B. Coelho Rocha, T.C. Parpinelli);
foodmicrobe.com, Adams Hill, Nottingham, UK (S.J. Forsythe)
DOI: https://doi.org/10.3201/eid2410.180373

We describe a case of infection with Cronobacter sakazakii
sequence type 494 causing bacteremia and meningitis in a
hospitalized late premature infant in Brazil. We conducted
microbiological analyses on samples of powdered infant formula from the same batch as formula ingested by the infant
but could not identify the source of contamination.

I

n September 2017, a healthy boy was born at 35 weeks’
gestation in Brazil. The newborn was fed breast milk and
reconstituted powdered infant formula (PIF) while in the hospital. On postnatal day 4, he began sleeping more than usual
and experienced hypoactivity, pallor, jaundice, seizures, metabolic acidosis, and finally respiratory insufficiency, necessitating mechanical ventilation and empiric treatment with
cefepime and ampicillin. We obtained 2 blood cultures on
postnatal day 4 that yielded Cronobacter spp. with resistance
to cephalothin and cefoxitin, intermediate resistance to nitrofurantoin, and susceptibility to other antimicrobial drugs, including cefepime and ampicillin. A transfontanel ultrasound
on postnatal day 6 showed grade 2 periintraventricular hemorrhage with hypoxic-ischemic lesions. Subsequent computed tomography and nuclear magnetic resonance (NMR) imaging revealed biparietal cerebral abscess (Figure). Culture
of the cerebral abscess on postnatal day 33 yielded Cronobacter spp. that had the same pattern of antimicrobial drug
susceptibility as that found in blood isolates. Because of the
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Figure. Brain nuclear magnetic resonance image of a newborn
with Cronobacter sakazakii sequence type 494 meningitis, Brazil.
Extradural collections are visible in both parietal regions. Arrow
indicates the more pronounced extradural collection, measuring
≈1.8 cm, in the right parietal region.

patient’s progressive clinical deterioration, we changed the
antimicrobial therapy to meropenem on postnatal day 10;
however, the infant failed to improve, and he died on postnatal day 46.
The mother’s pregnancy was uncomplicated except for
a urinary tract infection (UTI), for which she received cephalexin, in the third trimester. She experienced another UTI
caused by Enterococcus faecalis and endometritis shortly
after giving birth and underwent endometrial curettage and
received ampicillin/sulbactam. We did not identify Cronobacter spp. in the urine or endometrial curettage material.
We were unable to analyze a sample from PIF container, the contents of which had been used. Because contaminated PIF from opened cans has been identified as the
vehicle in nearly all infant Cronobacter infections in the
past decade for which a source has been found (1), this lack
of testing is probably the most significant limitation of this
investigation. Subsequently, we sent an unopened can of
the PIF from the same lot consumed by the newborn to Nacional Institute of Quality Control in Health from Oswaldo
Cruz Foundation (INCQS/Fiocruz), a public laboratory in
the Brazilian System of Sanitary Surveillance, where the
PIF was analyzed in accordance with 2 standard procedures
(2,3). Neither method recovered Cronobacter.

According to the hospital’s standard procedure, all
PIF was reconstituted with potable water that was heated
>70°C, cooled, and used immediately. However, we could
not trace the total time between the reconstitution of the
PIF, the time it was maintained during cooling, and the subsequent feeding to the newborn, because the hospital does
not have procedures for recording this process.
Ten newborns, 6 of whom were preterm infants, had
been fed from the same lot of PIF. We followed the infants
clinically during their hospital stay, and none showed signs
or symptoms of Cronobacter infection.
We did not obtain swab specimens for surveillance. We
collected environmental samples from the newborn’s location after birth and from formula preparation equipment
for microbiological tests in the hospital approximately 3
weeks after illness onset. However, several cleaning and
disinfection procedures had been performed, limiting our
chances to detect the pathogen in these samples. We collected 1 rectal swab from the newborn brother of the patient
on postnatal day 4. We streaked samples onto the surface of
ChromID CPS agar (bioMérieux, Rio de Janeiro, Brazil),
and test results were negative for Cronobacter. However,
this method is not specific for Cronobacter isolation.
Contaminated PIF and expressed breast milk have
been epidemiologically linked with Cronobacter infections
in neonates (1,4), and cases in Brazil have been reported in
the literature (5,6). The magnitude of Cronobacter disease
in Brazil is unclear, partly because it is not a compulsory
notifiable disease. The most recent reported cases occurred
in 2013, when C. malonaticus sequence types (ST) 394 and
ST440 were responsible for bacteremia in 3 neonates, and
the source of contamination was not identified (5,7).
In our study, the analyzed PIF did not show Cronobacter contamination. In addition, the method of PIF preparation used in the hospital (using water >70°C) would
probably inactivate any Cronobacter present in the PIF.
Because we analyzed only 1 sample, it is possible that we
did not detect Cronobacter because contamination was not
homogeneous across the lot or was below the limit of detection for our methods. We recommend the use of sterile
liquid infant formulas in the hospital for patients in neonatal
intensive care units unless there is no suitable alternative.
We used the Cronobacter MLST Database (http://
pubmlst.org/cronobacter) to perform multilocus sequence
typing on the 3 Cronobacter isolates we detected (8). We
identified the strains as C. sakazakii ST494, an ST which
is not in any of the recognized C. sakazakii clonal complex (CC) pathovars, such as C. sakazakii CC4, which is
strongly associated with neonatal meningitis (9).
Cronobacter bacteria can cause severe meningitis, resulting in brain abscess formation. Virulence studies of C.
sakazakii ST494 strains are needed to elucidate their pathogenicity and to compare with C. sakazakii CC4 strains.
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We identified a Eurasian-origin influenza A(H8N4) virus in
North America by sampling wild birds in western Alaska,
USA. Evidence for repeated introductions of influenza A viruses into North America by migratory birds suggests that
intercontinental dispersal might not be exceedingly rare and
that our understanding of viral establishment is incomplete.

R

esearch of and surveillance for influenza A viruses in
wild birds inhabiting western Alaska have consistently
provided support for the exchange of viruses between East
Asia and North America via Beringia (1,2). Sampling of wild
birds inhabiting Izembek National Wildlife Refuge (NWR)
and surrounding areas in Alaska (≈55°N, 163°W) conducted
during 2011–2015 has been used in recent research to identify the dispersal of influenza A(H9N2) viruses among China,
South Korea, and Alaska (3); provide inference about the
evolutionary pathways of economically important foreignorigin poultry pathogens introduced into North America (4);
and identify sampling efficiencies for optimizing the detection of evidence for intercontinental virus exchange (5).
During September–October 2016, we collected 541
combined oral-pharyngeal and cloacal swab samples from
hunter-harvested waterfowl (Anseriformes spp.) and 401
environmental fecal samples from monospecific flocks of
either emperor geese (Chen canagica) or glaucous-winged
gulls (Larus glaucescens) within and around Izembek
NWR. Samples were deposited into viral transport media,
placed in dry shippers charged with liquid nitrogen within
24 h, shipped, and stored frozen at –80°C before laboratory
analysis. We screened samples for the influenza A virus matrix gene and subjected them to virus isolation; resultant isolates were genomically sequenced in accordance with previously reported methods (5). A total of 116 samples tested
positive for the matrix gene, and 38 isolates were recovered
of the following combined subtypes: H1N2, H3N2, H3N2/
N6 (mixed infection), H3N8, H4N6, H5N2, H6N2, H7N3,
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H8N4, and H12N2. We selected the single H8N4 isolate, A/
northern pintail/Alaska/UGAI16-3997/2016(H8N4) (GenBank accession nos. MG976689–96), for genomic characterization as part of this investigation.
We queried sequence information for the complete
coding region of each gene segment of A/northern pintail/
Alaska/UGAI16-3997/2016(H8N4) against the GenBank
database to identify strains sharing >99% nt identity. We
then reconstructed maximum-likelihood phylogenetic trees
for each gene segment in MEGA 7.0.21 (https://www.
megasoftware.net/) by incorporating sequence information
for representative reference sequences from avian-origin
influenza A virus isolates from Eurasia and North America
using the general time–reversible plus invariant sites (G+I)
model with 1,000 bootstrap replications.

Gene segments for A/northern pintail/Alaska/UGAI163997/2016(H8N4), isolated from a sample collected from a
hunter-harvested duck on September 6, 2016, shared >99%
nt identity to those of >1 isolates recovered from wild and
domestic birds sampled in East Asia during 2006–2016
(online Technical Appendix Table, https://wwwnc.cdc.gov/
EID/article/24/10/18-0447-Techap1.pdf). This isolate also
shared >99% nt identity with 1–4 isolates recovered from
wild bird samples collected at Izembek NWR during 2012–
2015 at the polymerase acidic and polymerase basic 2 gene
segments (online Technical Appendix Table). A/northern
pintail/Alaska/UGAI16–3997/2016(H8N4) did not, however, share >99% nt identity at all 8 gene segments with any
other influenza A virus isolate for which genomic information was available, indicating that this H8N4 isolate might

Figure. Maximum-likelihood phylogenetic trees showing inferred relationships among nucleotide sequences for the complete coding
regions of gene segments for influenza A virus strain A/northern pintail/Alaska/UGAI16–3997/2016(H8N4) (white circle indicated with an
arrow) and reference sequences from viruses isolated from birds in Eurasia (black circles) and North America (white circles). Bootstrap
support values for continentally affiliated clades are shown. Phylogenetic trees with complete strain names as tip labels are provided in
the online Technical Appendix Figure (https://wwwnc.cdc.gov/EID/article/24/10/18-0447-Techap1.pdf). H, hemagglutinin; M, matrix; N,
neuraminidase; NP, nucleoprotein; NS, nonstructural; PA, polymerase acidic; PB, polymerase basic.
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represent a previously unidentified or unreported genome
constellation (online Technical Appendix Table).
Phylogenetic analyses strongly supported structuring
of tree topologies into major clades by continental affiliation of reference sequences (bootstrap values >99; online
Technical Appendix Figure). Sequence information for all
8 gene segments of A/northern pintail/Alaska/UGAI163997/2016(H8N4) clustered within clades composed of reference sequences for influenza A viruses originating from
samples collected in Eurasia (Figure; online Technical Appendix Figure). Therefore, phylogenetic analyses provided
support for Eurasian ancestry of this genomic constellation.
We inferred our results to provide evidence for the introduction of this foreign-origin H8N4 virus into North America by
migratory birds given previous support for intercontinental
viral dispersal derived through genetic characterization of
avian influenza A viruses originating from western Alaska
(1–3,5), the intercontinental migratory tendencies of northern pintails (6,7) and other species inhabiting Izembek NWR
at the time of sampling (8), the paucity of domestic poultry in
this region, and the proximity of Izembek NWR to East Asia.
During 2010–2016, research and surveillance for influenza A viruses in wild birds inhabiting North America
have provided evidence for the intercontinental dispersal
of the following 4 viral genome constellations between
Eurasia and North America: H16N3 (9), H9N2 (3), highly pathogenic clade 2.3.4.4 H5N8 (10), and H8N4 (this
study). Four reports of independent purported intercontinental dispersal events for influenza A viruses via migratory birds during 7 years of sampling do not disprove the
paradigm of restricted viral dispersal between Eurasia and
North America. However, repeated detections of these viruses crossing the Bering Strait (3,10; this study) suggest
that viral dispersal between East Asia and North America
might not be exceedingly rare. Thus, a lack of selective
advantage for comparatively rare foreign-origin influenza
A viruses, purifying selection for endemic viruses, or both
might be important mechanisms regulating the establishment of these viruses within the wild bird reservoir. Therefore, additional research directed toward understanding
selection pressures regulating the establishment of these
viruses might provide useful inference for informing surveillance and response activities for economically costly or
potentially pandemic foreign-origin viruses in wild birds
inhabiting North America.
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We isolated new reassortant avian influenza A(H5N6) viruses from feces of wild waterfowl in South Korea during
2017–18. Phylogenetic analysis suggested that reassortment occurred between clade 2.3.4.4b H5N8 and Eurasian
low pathogenicity avian influenza viruses circulating in wild
birds. Dissemination to South Korea during the 2017 fall migratory season followed.

C

lade 2.3.4.4 H5 highly pathogenic avian influenza viruses (HPAIVs) have evolved by reassortment with
different neuraminidase (NA) and internal genes of prevailing low pathogenicity avian influenza viruses (LPAIVs) and
other HPAIVs to generate new genotypes and further evolved
into genetic subgroups A–D since 2014 (1). Among these,
subgroups A and B viruses were disseminated over vast geographic regions by migratory wild birds (2,3). Subgroup B
influenza A(H5N8) viruses were detected in Qinghai Lake,
China, and Uvs-Nuur Lake, Russia, during May–June 2016
(Qinghai/Uvs-like), followed by the identification of reassortant viruses in multiple Eurasian countries (4–6). Recently,
subgroup B H5N6 viruses were isolated from birds in Greece
during February 2017 and England, Germany, the Netherlands, Japan, and Taiwan during winter 2017–18 (7,8).
1
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During December 2017–January 2018 in South Korea,
we isolated 6 H5N6 HPAIVs from 231 fecal samples of
wild birds collected from the banks of the Cheongmi-cheon
River (37°06′56.9′′N, 127°25′18.3′′E) and 34 from 222 fecal samples collected from the banks of the Gokgyo-cheon
River (36°45′12.3′N, 127°07′12.7′E) (online Technical
Appendix 1, https://wwwnc.cdc.gov/EID/article/24/10/180461-Techapp1.pdf). These wild bird habitats are wintering sites of migratory waterfowl, including mallard (Anas
platyrhynchos), spot-billed duck (Anas poecilorhyncha),
Mandarin duck (Aix galericulata), and common teal (Anas
crecca). The Gokgyo-cheon River is a major habitat site for
Mandarin ducks, and numerous HPAIVs were detected in
fecal samples from Mandarin ducks during 2011, 2015, and
2016 (9). We identified avian influenza virus–positive fecal
samples from 38 Mandarin ducks and 2 mallards, based on
DNA barcoding technique (10). We performed full-length
genome sequencing and comparative phylogenetic analysis on 19 of the 40 isolates (online Technical Appendix 1;
online Technical Appendix 2, https://wwwnc.cdc.gov/EID/
article/24/10/18-0461-Techapp2.xlsx).
All H5N6 isolates shared high nucleotide sequence
identities in all 8 gene segments (99.58%–100%) and
were identified as HPAIVs based on the presence of multiple basic amino acids at the HA proteolytic cleavage
site (PLREKRRKR/G). Searches of the GISAID (https://
www.gisaid.org) and BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) databases indicated that all 8 genomes
had the highest nucleotide identity with A/Great_Blackbacked_Gull/Netherlands/1/2017 (Netherlands/1) clade
2.3.4.4 subgroup B H5N6 strain from December 2017
(99.17%–99.79%), rather than subgroup B H5N6 viruses
from Japan and Taiwan collected during December 2017
(97.18%–99.27%).
In phylogenetic analysis, we identified 2 genotypes
of subgroup B H5N6 viruses (online Technical Appendix
1 Figures 1, 2): genotypes B.N6.1 and B.N6.2. The genotype B.N6.1 viruses were identified from South Korea, Japan, Taiwan, Greece, and the Netherlands (Netherlands/1
strain), and the genotype B.N6.2 viruses were detected
from England, Germany, and the Netherlands. For genotype B.N6.1, all genes except NA clustered with H5N8
HPAIV of previously reported genotypes, H5N8-NL cluster I in the Netherlands (6), Ger-11-16 in Germany (5),
and Duck/Poland/82a/16-like in Italy (4). The NA gene
clustered with LPAIVs circulating in wild birds in Eurasia
and separated into 2 clusters, suggesting the potential for
>2 independent reassortment events between H5N8 virus
and unidentified wild bird origin N6 segments. Consistent
clustering of South Korea isolates with the Netherlands/1
strain in maximum-likelihood (ML) phylogenies for each
gene supported by high ML bootstrap values (86–100) suggests their close relationship. The genotype B.N6.2 viruses
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Table. Time to most recent common ancestor for each gene segment of genotype B.N6.1 influenza A(H5N6) viruses isolated in South
Korea, December 2017–January 2018*
South Korea and Europe isolates,
South Korea, Europe, Japan, Taiwan, and
South Korea isolates, node 1
node 2
Greece isolates, node 3
Gene
Mean
95% HPD
Mean
95% HPD
Mean
95% HPD
PB2
2017 Sep
2017 Jul–Oct
2017 May
2016 Dec–2017 Sep
2016 Mar
2015 Oct–2016 Jun
PB1
2017 Sep
2017 Jul–Oct
2017 May
2017 Feb–Aug
2016 Jul
2016 May–Aug
PA
2017 Sep
2017 Aug–Oct
2017 Jul
2017 Apr–Sep
2016 Oct
2016 Jul–Dec
HA
2017 Sep
2017 Jul–Oct
2017 May
2017 Feb–Jul
2016 Mar
2015 Dec–2016 May
NP
2017 Jul
2017 Apr–Sep
2017 Mar
2016 Nov–2017 Jun
2016 Jan
2015 Jul–2016 May
NA
2017 Jul
2017 Mar–Sep
2017 Feb
2016 Jul–2017 Jul
2015 Sep
2014 Aug–2016 Aug
M
2017 Aug
2017 May–Oct
2017 May
2017 Jan–Aug
2016 Mar
2016 Jan–May
NS
2017 Jul
2017 Apr–Oct
2017 Mar
2016 Nov–2017 Jun
2016 Feb
2015 Oct–2016 Jun
*Nodes of the temporally structured maximum clade credibility phylogenetic tree (online Technical Appendix Figure 4, https://wwwnc.cdc.gov/
EID/article/24/10/18-0461-Techapp1.pdf). HA, hemagglutinin; HPD, highest posterior density; M, matrix; NA, neuraminidase; NP, nucleoprotein; NS,
nonstructural; PA, polymerase acidic; PB, polymerase basic.

had different polymerase basic 2 (PB2) and polymerase
acidic (PA) genes from genotype B.N6.1. The polymerase
basic 2 gene probably originated from other LPAIVs, and a
polymerase acidic gene originated from H5N8-NL cluster
II genotype (6,7). The phylogenetic network and ML analysis suggest that H5N6 viruses have evolved from subgroup
B H5N8 viruses into 3 independent pathways, detected in
Greece, Europe/South Korea, and Japan/Taiwan (online
Technical Appendix 1, Figures 2,3).
The time of most recent common ancestry (tMRCA)
for each gene of genotype B.N6.1 H5N6 viruses isolated
during winter 2017–18 in Eurasia, except for the NA gene,
ranged from January 2016 to October 2016, suggesting
that genotype B.N6.1 viruses diverged during the previous year. The tMRCA of the NA gene was September 2015
(95% highest posterior density August 2014–August 2016).
The tMRCA of the NA gene has wide 95% highest posterior density range because only a few recent N6 genes
of LPAIVs were available in databases for analysis. The
tMRCA for each gene of H5N6 HPAIVs identified in South
Korea ranged from July through September 2017, suggesting that ancestors of these viruses emerged among wild
birds during or after summer 2017, possibly at the breeding and molting sites in the Palearctic region (Table; online
Technical Appendix Figure 4). Detection of H5N6 HPAIV
from fecal samples of wild birds in South Korea during the
2017–18 wintering season and our phylogenetic analysis
suggest that the viruses had moved through wild birds during the fall migration season.
On the basis of our data and migratory pattern of birds,
we estimate that H5N6 viruses possibly descended from
H5N8 viruses circulating during 2016–17, reaching breeding regions of wild birds during early 2017, followed by
dissemination into Europe and East Asia during the fall migration. Enhanced surveillance in wild birds is needed for
early detection of new introductions of HPAIV and to trace
the transmission route of HPAIV.
This work was funded by Konkuk University in 2015.
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A clinical case study involving a man (35–49 years of age)
with wounds to his lower right extremity. An isolate was sent
to the Delaware Public Health Laboratory for confirmatory
testing by genetic analysis of the 16S gene. Testing identified the isolate as a novel genus and species, Haematospirillum jordaniae.

T

he Centers for Disease Control and Prevention (CDC)
recently recognized a human pathogen, Haematospirillum jordaniae, as a new bacterial genus and species (1).
H. jordaniae is a gram-negative, spiral-shaped aerobe in
the family Rhodospirillaceae (1). Before the pathogen’s
identification, this organism was isolated 14 times from 10
different states. These organisms were received by CDC’s
Special Bacteriology Reference Laboratory, Division of
High-Consequence Pathogens and Pathology, National
Center for Emerging and Zoonotic Infectious Diseases,
over the course of 10 years (February 2003–October 2012)
before the initial publication. Here we report the clinical
identification of H. jordaniae, a potential emerging infectious pathogen, by the Delaware Public Health Laboratory
(DPHL) and describe possible routes of infection.
1

Location redacted for patient confidentiality.

A man (35–49 years of age) sought care at a hospital
emergency department in September 2016 with worsening
pain, redness, and swelling of the right lower extremity,
which had an open wound on the right shin. The patient
stated that he had finished a project cutting stones 3 weeks
earlier where the water and stone chips were hitting his
right leg. The patient ignored swelling, erythema, and fever
he experienced around the same period when the stonecutting occurred and decided not to seek medical intervention
until he was no longer able to ignore the symptoms.
The patient was found to have cellulitis of the right
leg and sepsis, and he was admitted to the hospital for
treatment. On the same day, he was started on intravenous
clindamycin, and blood cultures were collected. The infectious disease physician discontinued clindamycin and
placed the patient on vancomycin, ciprofloxacin, and aztreonam because of concern for potential infection with Pseudomonas, Aeromonas, or methicillin-resistant Staphylococcus aureus. Growth was observed in both sets of aerobic
bottles, the first after 2 days, 15 hours, and the second after
4 days, 18 hours. Blood cultures grew gram-negative bacilli, leading the infectious disease physician to remove vancomycin but continue with ciprofloxacin and aztreonam.
The patient improved before identification of the pathogen
and was discharged on oral ciprofloxacin.
Gram stain of the organism revealed small, curved,
gram-negative bacilli, resembling Campylobacter. Subcultures from the bottles did not grow aerobically until 48
hours after incubation on sheep’s blood agar and chocolate
agar. The organisms did not grow on MacConkey agar or
when incubated anaerobically on blood agar. Although it
was suspected that the organism might be a Campylobacter
species, it did not grow in a microaerophilic environment.
Biochemical testing revealed the organism as oxidase-positive, indole-negative, catalase-positive, and urease-negative (using urea agar). The isolate was sent to the DPHL
for identification.
DPHL received a grown isolate from the submitting hospital 8 days after the patient’s admission. The organism was
cultured in the same manner as described previously; phenotypic tests were consistent with the findings of the submitting
hospital. Initial identification was performed at DPHL, but
the pathogen could not be determined because the organism
was not part of the instrument’s stored database.
The isolate’s DNA was extracted and amplified by
using general methods described in numerous publications. The sample generated an 845-bp portion of the 16S
region. The assembled sequence was uploaded to opensource rRNA databases for comparison, including GenBank BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi),
the Ribosomal Database Project (https://rdp.cme.msu.
edu/), and MicrobeNet (https://microbenet.cdc.gov). Samples most closely matched to Novispirillum itersonii strain
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LMG_4337T (92.3% identity). On the basis of Clinical
Laboratory Standards Institute guidelines (2), this similarity indicated a possible novel species.
The DPHL Microbiology Department’s laboratory
manager sent the organism to CDC’s Special Bacteriology
Reference Laboratory. Results identified the organism as
H. jordaniae. Upon review of MicrobeNet at a later date,
the organism was found to match H. jordaniae H5569_
conT by 98.9%.
H. jordaniae is a common environmental microbe, but
it was implicated in this clinical case in a man in Delaware.
The patient had symptoms characteristic of other pathogenic
bacterial illnesses. Concern exists that slow-growing, gramnegative rods identified in blood culture could be potential
bioterrorism agents. Humrighouse et al. (1) described how
Francisella tularensis infection was suspected in 2 clinical
cases that were actually H. jordaniae infections.
Humrighouse et al. (1) proposed the name H. jordaniae on the basis of an isolate received in 2010. Previously,
14 organisms identified at CDC were isolated from blood
taken from men 39–78 years of age with symptoms including swelling of the lower extremities (2 patients), septicemia (3 patients), and bacteremia (1 patient). The symptoms
of the patient we report mirrored those symptoms.
This discovery is important because it demonstrates
that organisms conceived to be environmental in nature and
suspected to have limited clinical implications are emerging as human pathogens. The ability to identify bacteria
by sequencing (in this case, sequencing of the 16S rRNA
gene) was necessary to identify H. jordaniae because clinical information on this pathogen is still limited.
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We report invasive candidiasis caused by Candida viswanathii over 2 time periods during 2013–2015 in a tertiary
care hospital in Chandigarh, India. Molecular typing revealed multiple clusters of the isolates. We detected high
MICs for fluconazole in the second time period.

I

nvasive candidiasis is a life-threatening infection caused
by various Candida species. Although C. albicans has
been the predominant species causing invasive candidiasis,
non-albicans Candida (NAC) species have emerged globally (1). C. viswanathii, a pathogen first isolated from the
cerebrospinal fluid of a patient in 1959 (2), is rarely encountered, and only 17 cases have been reported worldwide
(3). This agent has been isolated sporadically from animal
and environmental sources (4–6).
We report on 23 cases of invasive candidiasis caused by
C. viswanathii at a tertiary care center in Chandigarh, India,
involving 7 case-patients during December 2013–April 2014
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Table. In vitro antifungal susceptibility data of Candida viswanathii isolates from a tertiary care hospital in Chandigarh, India
MIC, μg/mL
Isolate
Antifungal agent
Range
MIC 50
MIC 90
Geometric mean
C. viswanathii 2013–2014, n = 7
Amphotericin B
0.03–0.25
0.25
0.25
0.16
Itraconazole
0.03–0.5
0.125
0.25
0.09
Fluconazole
0.125–1
1
1
0.41
Voriconazole
0.03–0.5
0.5
0.5
0.14
Micafungin
0.125
0.125
0.125
0.125
Caspofungin
0.5
0.5
0.5
0.5
Anidulafungin
0.5–1
0.5
1
0.67
Posaconazole
0.0312–0.0625
0.0312
0.0625
0.03
C. viswanathii 2015, n = 16
Amphotericin B
0.06–0.25
0.125
0.25
0.14
Itraconazole
0.03–1
0.25
0.25
0.12
Fluconazole
0.5–64
64
64
29.34
Voriconazole
0.03–8
1
2
0.76
Micafungin
0.125
0.125
0.125
0.12
Caspofungin
0.125–1
0.5
0.5
0.40
Anidulafungin
0.125–1
0.5
1
0.52
Posaconazole
0.0321–0.5
0.25
0.25
0.17

and 16 case-patients during December 2014–April 2015. In
the first time period, all isolates were from blood, whereas
in the second time period, the agent was isolated from pus
(n = 5), blood (n = 5), cerebrospinal fluid (n = 3), and lung
nodule, lung aspirate, and iliac fluid (n = 1 each).
Of the 23 patients, 16 were men and 7 were women.
Six (26%) patients had neutropenia, and 18 (90%) had tuberculosis, pancreatitis, or chronic kidney disease. Eight
(34.7%) patients acquired the infection after surgery.
Twelve patients used indwelling devices: 3 (15%) had a
central venous catheter, 4 (20%) an endotracheal tube, 3
(15%) a drainage catheter, and 2 (10%) a urinary catheter.
We screened the hospital environment and the hands of
healthcare workers for a possible source of C. viswanathii
infection during the second time period. We could not isolate C. viswanathii from any of those samples from a total
of 46 workers and 57 different environmental sites.
Conventional methods failed to differentiate C. viswanathii and C. tropicalis. C. viswanathii assimilated sucrose
and cellobiose but failed to assimilate trehalose and raffinose. C. tropicalis has a variable assimilation pattern for
these sugars.
To identify the isolates, we performed matrix-assisted
laser desorption/ionization time-of-flight mass spectroscopy using MALDI-TOF MS, version 3 (Bruker Daltonik
GmbH, Bremen, Germany) and sequenced the D1/D2 region of a large subunit of ribosomal DNA (7,8). Because
we could not identify C. viswanathii using the MALDITOF MS version 3 database, we updated the database inhouse by adding sequence-proved isolates of C. viswanathii. We identified the isolates with a log score of >1.8
by using the modified database. The rDNA sequence of
the isolates showed 100% similarity with the type strain
of C. viswanathii ATCC 22981 (GenBank accession no.
NG_054835.1) except for 1 isolate (99% similarity with
type strain, accession no. MF682371). The molecular phylogenetic analysis revealed that 1 isolate (B-30815) had

1 nucleotide substitution (T to C), which was 1 of the 5
substitutions we observed in C. pseudoviswanathii while
comparing it with C. viswanathii (9).
Amplified fragment-length polymorphism revealed
a similarity coefficient of >90% of the isolates (online
Technical Appendix Figure, https://wwwnc.cdc.gov/EID/
article/24/10/18-0801-Techapp1.pdf) (7). The isolates
from the first time period formed 2 clusters (clusters A and
B); 1 isolate from the second period was also in cluster B.
Isolates of the second time period had 3 major clusters
(clusters C, D, and E) and had higher MICs for fluconazole.
We performed antifungal susceptibility testing for
amphotericin B, fluconazole, itraconazole, voriconazole,
posaconazole, caspofungin, anidulafungin, and micafungin by the microbroth dilution method recommended by
the Clinical and Laboratory Standards Institute (10). After
incubating the plates for 24 h at 37°C, we took a visual
reading to determine the MICs. The isolates of the second
time period had higher MICs (MIC50 64 μg/mL, MIC90 64
μg/mL) for fluconazole compared with the isolates of the
first period (MIC50 1 μg/mL, MIC90 1 μg/mL). We also recorded higher MICs (MIC50 1 μg/mL, MIC90 2 μg/mL) for
voriconazole for the isolates of the second period (Table).
In conclusion, our study showed multiple clusters of
C. viswanathii causing invasive infections in patients with
neutropenia and chronic diseases at a single healthcare center in India. We could not trace the source of the agent.
Conventional identification methods could not differentiate
the isolates from those of C. tropicalis. The high MICs for
fluconazole among the isolates from the second time period
also raise concerns about possible antifungal resistance.
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We report a rare case of Staphylococcus argenteus bone
and joint infection in a 9-year-old boy in France. His finger
arthritis was complicated by osteitis 5 weeks later, which
resulted in a secondary intervention. This case indicates
the virulence of S. argenteus, an emerging pathogen whose
clinical effects are poorly described.

S

taphylococcus argenteus (formerly S. aureus clonal
complex 75) is an emerging species in the S. aureus
complex (1). Several studies reported sporadic cases of
S. argenteus infections mainly in Asia, Oceania, and the
Pacific Islands (2) but rarely in Europe (3). We report the
clinical characteristics of a community-acquired bone
and joint infection with S. argenteus in a child living
in France.
At the end of July 2017, a 9-year-old boy with no
unusual medical history or previous local trauma was hospitalized because of acute signs of infection of the third
finger on his right hand. He was first seen in a local hospital and given an initial diagnosis of cellulitis (arthritis).
Two days later, he was admitted to the emergency pediatric ward of a tertiary care hospital where a surgical joint
exploration was performed and confirmed the diagnosis
of arthritis associated with an abscess of the extensor tendon sheath (Table).
Surgical microbiological samples cultured on blood
agar plates (aerobic conditions at 37°C for 24 h) grew a
strain that was identified by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (Microflex LT,
Bruker, France) as having log scores ranging from 1.39 to
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1.87 (corresponding to S. aureus, S. simiae, or S. epidermidis). These scores were lower than those required for reliable
identification of species (2.3) or genus (2.1) levels. Antimicrobial drug susceptibility testing (Vitek2; bioMérieux,
Marcy l’Etoile, France) identified resistance to penicillin G.

Because there was no initial reliable identification of
this strain, we performed molecular tests. The strain was
negative for nuc, lukS-PV, mecA, mecC, tst-1, and spa
genes. The V3 region sequence of the gene coding for
16S rRNA showed 100% identity with that for S. aureus.

Table. Clinical characteristics and timeline for patient with community-acquired Staphylococcus argenteus sequence type 2250 bone
and joint infection, France, 2017*
Characteristic
Jul 30
Aug 2
Aug 8
Sep 5
Nov 2
Hospital
Local
Tertiary care
Tertiary care
Tertiary care
Tertiary care
Clinical features
Pain in third finger Fever (temperature Poor tolerance Fever (temperature
Stiffness in
of right hand
38.6°C); pain and
of antimicrobial
38.4°C); pain in
finger; no pain
functional
drugs
finger
impotence in
flexion of finger
Signs at physical examination
Inflammatory
Phlegmon of finger:
ND
Misalignment of
No signs of
edema of finger;
inflammatory skin;
second phalanx
infection
no inoculation
edema on second
lesion
phalanx
Laboratory findings
Leukocytes, ×1 09 cells/L†
20
7.2
ND
11.6
7.2
C-reactive protein, mg/L‡
58
17.7
ND
ND
0.3
Microbiological
Culture of
Surgical samples:
ND
Surgical samples:
ND
infection site not
neutrophils and
few neutrophils and
performed (no
gram-positive cocci
negative gram
pus); blood culture
(identified as S.
staining results;
not performed
argenteus); blood
culture remained
cultures sterile
sterile after 10 d;
negative 16S rDNA
PCR result; blood
cultures not
performed
Radiologic findings
Not performed
Radiograph of
ND
MRI of hand:
ND
hand: no signs of
osteitis
osteitis
Histologic findings
ND
Chronic osteitis
ND
Diagnosis considered
Cellulitis of finger
Arthritis of second
ND
ND
phalanx; abscess of
extensor tendon
sheath
Treatment
Antimicrobial drugs
AMX (1,000 mg/d) CFZ (2,200 mg/d)
Stop AMX and
Sep 8: CLI (900
ND
and CLA (125
and GEN (400
CLA; FUS (1.5
mg/d) and OFX
mg/d)
mg/d) for 2 d; AMX
g/d) and RIF
(400 mg/d) for 6 wk
(2,000 mg/d), CLA (600 mg/d) for 5
(250 mg/d), RIF
wk
(600 mg/d) for 6 wk
Surgery
Surgical joint lavage
ND
Surgical lavage and
ND
and débridement for
realignment of
phalanxes with
massive purulent
implantation of
abscess that
external fixator on
reached the
Sep 8
extensor tendon
and joint capsule of
second phalanx; no
articular cartilage
lesion
Outcome
Discharged
Improvement at
Good outcome Discharged on Sep Good outcome
discharge on Aug 4;
11; patient seen on and functional
patient seen on Aug
Sep 13, 15, and 22, rehabilitation;
6, 8, 10, and 12
and Oct 6; external patient seen on
fixator removed on Dec 27 and had
Oct 6
similar findings

*AMX, amoxicillin; CFZ, cefazolin; CLA, clavulanic acid; CLI, clindamycin; FUS, fusidic acid; GEN, gentamicin; MRI, magnetic resonance imaging; ND, not
determined; OFX, ofloxacin; RIF, rifampin.
†Reference range 4.5–13.5 × 109 cells/L.
‡Reference value <5 mg/L.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 24, No. 10, October 2018

1959

RESEARCH LETTERS

Microarray analysis (S. aureus Genotyping Kit 2.0; Alere
Technologies GmbH, Jena, Germany) assigned this strain
to the clonal complex 2250/2277 of one of the main clusters of S. argenteus (2,4). The patient was discharged and
received an oral antimicrobial regimen for 6 weeks; healing
was closely monitored (Table).
Five weeks later, the patient was hospitalized because
of recurrent signs of infection (Table). Magnetic resonance imaging of the right hand showed osteitis (online
Technical Appendix Figure, panel A, https://wwwnc.cdc.
gov/EID/article/23/10/18-0727-Techapp1.pdf). A second surgical procedure was performed (Table). Cultures
of surgical samples remained sterile after 10 days and a
16S rDNA PCR result was negative. Histologic analysis
showed chronic osteitis (online Technical Appendix Figure, panel B). An oral drug regimen, including clindamycin and ofloxacin for 6 weeks, was prescribed. Long-term
outcome was good (Table), despite persistence of stiffness
in the finger.
This rare case of osteomyelitis caused by S. argenteus
highlights the difficulties in correctly identifying this species. As with S. schweitzeri, S. argenteus is an emergent
species that has been described as part of the S. aureus
species complex (5). S. argenteus was first described in
2002 as a CC75/sequence type T1223 clone of S. aureus in
Aboriginal communities in Australia (6). This species was
named S. argenteus in 2011 because of its lack of staphyloxanthin production (1). Most studies reported prevalence
rates for S. argenteus among strain collections of 0.16%–
18.6% according to geographic distribution, with a clear
predominance in Asia and the West Pacific region (1,5–7)
and a rare description in Europe (3).
In our case, no epidemiologic link to Asia or the West
Pacific region was observed. The clinical spectrum of infections with S. argenteus remains poorly described, but
varies from asymptomatic nasal carriage (8) to community-acquired infections, including skin and soft tissue infections (1,6), bacteremia (1,9), and foodborne illness (8).
Apart from 2 cases of bacteremia reported by Dupieux et
al. (9), clinical data for S. argenteus infections have been
poorly detailed (online Technical Appendix Figure). To
the best of our knowledge, only 1 case of osteomyelitis
has been reported (7).
Previous cases and the case we report indicate that
S. argenteus could be responsible for invasive infections that are difficult to manage. S. argenteus was initially considered to be less virulent than S. aureus on
the basis of a study in Australia, which reported that this
species was associated mainly with skin and soft tissue
infections and rarely with bacteremia (3/220 cases) (1).
However, a comparative study of 311 cases of S. argenteus and S. aureus sepsis in Thailand showed a similar
outcome after 28 days (10). Moreover, virulence factors,
1960

such as Panton-Valentine leucocidin and enterotoxins,
have been described in S. argenteus isolates (4,8–10).
In contrast to reports from Aboriginal communities in
Australia (6) and remote populations in the West Pacific
region (online Technical Appendix Table), resistance to
methicillin was not detected in strains from the casepatients in this study.
In contrast to S. aureus, the effect of carriage of S. argenteus has not been studied. For our case-patient, screening for S. argenteus nasal carriage was not performed.
However, a recent study of foodborne illness outbreaks reported the ability of this bacterium to spread in the environment and colonize food handlers (8).
S. argenteus is an emerging species for which its clinical spectrum remains poorly described. Further studies are
needed to better address the global prevalence and clinical role of this bacterium, including its potential effects in
chronic human infections.
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Highly pathogenic avian influenza A(H5N8) viruses have
been detected in several continents. However, limited viral sequence data are available from countries in the Middle East.
We report full-genome analyses of highly pathogenic H5N8 viruses recently detected in different provinces in Saudi Arabia.

O

n December 19, 2017, a high number of dead birds
from various species was reported in a live bird market in Riyadh, Saudi Arabia, by the Department of Animal
Resources Services, Ministry of Environment, Water, and
Agriculture. Oropharyngeal and cloacal swab samples were
collected from affected birds and investigated for highly
pathogenic avian influenza (HPAI) viruses in Riyadh Veterinary Diagnostic Laboratory using reverse transcription PCR
(RT-PCR) (1). These tests detected HPAI A(H5N8) virus. After this index outbreak, HPAI was reported in adjacent provinces. Surveillance studies were performed in all provinces
(>1 major poultry market and 10 backyard farms per province) to estimate disease prevalence. As of May 2018, a total
of 7,273 birds had been investigated; 805 were positive for
H5N8, which was detected in 7 provinces (Riyadh, Eastern,
Al-Qasim, Makkah, Al-Madinah, Asir, and Jizan). The highest number of positive results was reported in Riyadh (693
samples), in which different commercial poultry farms (22
farms for laying hens, 2 for broiler breeders, and 1 for quail)
were affected. A contingency plan, based on a stamping-out
policy, was implemented to control the disease. More than
8.8 million birds were depopulated.
1
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Positive clinical specimens (N = 14) collected from different settings, different provinces, different avian species
or a combination were sent to a World Health Organization
H5 reference laboratory in Hong Kong for confirmation.
All samples tested positive for membrane protein (M) and
hemagglutinin (HA) subtype H5 genes by RT-PCR (online
Technical Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/24/10/18-0846-Techapp.pdf). Samples that had a
cycle threshold value <29 in the M gene assay also tested
positive for N8 by RT-PCR. Ten of these samples were positive for virus isolation in embryonated chicken eggs and
were associated with death of the chicken embryos by day
3 postinoculation.
We amplified viral RNA extracted from the clinical
specimens and virus isolates using a multisegment RT-PCR
approach for full-genome amplification (2). We subjected
the RT-PCR products to next-generation sequencing on an
Illumina MiSeq (PE300) platform (Illumina, San Diego,
CA, USA). We edited the deduced consensus sequences
(average sequence coverage >10,000×) using BioEdit
(https://www.mbio.ncsu.edu/BioEdit/bioedit.html)
and
analyzed them phylogenetically using MEGA7 (https://
www.megasoftware.net) (GISAID accession nos. for reference sequences, EPI1215422–EPI1215461, EPI1215137–
EPI1215184; http://platform.gisaid.org).
The deduced sequences revealed that H5N8 viruses (n
= 11) from different sites in Saudi Arabia are almost identical (sequence identity >99.7%), indicating a common
origin for this outbreak. Phylogenetic analyses of HA sequences showed that they belong to clade 2.3.4.4 group B
(Figure) (3). Polymerase acidic protein (PA), HA, nucleoprotein (NP), neuraminidase (NA), M, and nonstructural
protein (NS) segments were genetically similar to those
derived from recent group B H5N8 viruses (online Technical Appendix Table 2, Figure 1). No genetic markers associated with mammalian host adaptation, α2,6 receptorbinding specificity, or antimicrobial drug resistance were
detected (data not shown) (4). The gene constellation of
PA, HA, NP, NA, M, and NS segments of these H5N8 viruses is similar to those of some H5N8 viruses detected in
wild migratory birds from different geographic areas (e.g.,
A/Anser_cygnoides/Hubei/FW44/2016 and A/greenwinged teal/Egypt/877/2016) (4,5). The polymerase basic
protein (PB) 1 and 2 segments of these viruses are similar
to those of HPAI H5N5 viruses detected in the Far East
(e.g., A/environment/Kamchatka/18/2016) and Europe
(e.g., A/swan/Germany-SN/R10645/2016) (online Technical Appendix Figure 1). H5N5 viruses of this lineage
were previously proposed to be reassortants of an H5N8
virus (6), with the PB1 and PB2 segments derived from
an H10 virus (A/duck/Mongolia/245/2015-like virus) and
the PA, HA, M, and NS segments derived from a H5N8
virus. Our results agree with previous observations that
1962

H5N8 viruses of this lineage continue to evolve and reassort with other influenza virus subtypes in migratory bird
populations (7,8).
The studied samples were collected from multiple
avian species in different settings from 3 provinces (online Technical Appendix Table 1). Of 986 samples from
poultry holding sites, 182 (18.5%) tested positive for
H5N8 virus. The transmission pathway of H5N8 virus
in Saudi Arabia is being investigated. Molecular dating
analyses suggest that the most recent common ancestor of
these H5N8 viruses emerged in this country in September
2017 (online Technical Appendix Figure 2). The potential roles of wild birds, backyard poultry practices, poultry trading, and other human activities in dissemination
of these viruses are yet to be determined. However, our
results suggest wide circulation of H5N8 viruses caused
by a single introduction.
Recently, outbreaks of H5N8 viruses were reported in
the Middle East (Israel, Iran, Iraq, and Kuwait) (1). However, with the exception of a few HA sequences (n = 12),
no other H5N8 viral sequences from this region are available in major sequence databases, which has hampered the
investigation of H5N8 viruses in this region. Multiple introductions of H5N8 viruses with different gene constellations have been reported in Egypt (9,10), but their genetic
relationship to H5N8 viruses detected in other countries in
the Middle East is not clear. Further surveillance using fullgenome analyses is urgently needed to identify major risk
factors for HPAI H5N8 viruses in the Middle East.
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Figure. Phylogenetic analysis of hemagglutinin sequences of influenza A(H5N8) viruses detected in oropharyngeal and cloacal swab
samples from birds in Saudi Arabia. Aligned sequences were analyzed in MEGA7 (http://www.megasoftware.net). We constructed the
phylogenetic tree using the neighbor-joining method. Representative viral sequences and viral sequences that are highly similar to those
reported in this study were included in the analysis. H5N8 viruses reported in this study are labeled. Bootstrap values ≥60% are shown.
Representative viruses sharing a similar gene constellation as the H5N8 viruses found in Saudi Arabia are underlined (see text for
details). Virus isolate numbers (EPI ISL) in GISAID (http://platform.gisaid.org) or gene accession numbers in GenBank for corresponding
viral sequences are provided. Scale bar indicates estimated genetic distance.
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1963

RESEARCH LETTERS
References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

World Organisation for Animal Health. Update on avian
influenza in animals (types H5 and H7) [cited 2018 May 19].
http://www.oie.int/en/animal-health-in-the-world/update-onavian-influenza/
Zhou B, Donnelly ME, Scholes DT, St. George K, Hatta M,
Kawaoka Y, et al. Single-reaction genomic amplification
accelerates sequencing and vaccine production for classical and
swine origin human influenza A viruses. J Virol. 2009;83:10309–
13. http://dx.doi.org/10.1128/JVI.01109-09
El-Shesheny R, Barman S, Feeroz MM, Hasan MK, Jones-Engel L,
Franks J, et al. Genesis of influenza A(H5N8) viruses. Emerg
Infect Dis. 2017;23:1368–71. http://dx.doi.org/10.3201/
eid2308.170143
Ma L, Jin T, Wang H, Liu H, Wang R, Li Y, et al. Two reassortant
types of highly pathogenic H5N8 avian influenza virus from wild
birds in Central China in 2016. Emerg Microbes Infect. 2018;7:14.
http://dx.doi.org/10.1038/s41426-017-0012-y
Kandeil A, Kayed A, Moatasim Y, Webby RJ, McKenzie PP,
Kayali G, et al. Genetic characterization of highly pathogenic
avian influenza A H5N8 viruses isolated from wild birds in
Egypt. J Gen Virol. 2017;98:1573–86. http://dx.doi.org/10.1099/
jgv.0.000847
Fusaro A, Monne I, Mulatti P, Zecchin B, Bonfanti L, Ormelli S,
et al. Genetic diversity of highly pathogenic avian influenza
A(H5N8/H5N5) viruses in Italy, 2016-17. Emerg Infect Dis.
2017;23:1543–7. http://dx.doi.org/10.3201/eid2309.170539
Pohlmann A, Starick E, Grund C, Höper D, Strebelow G, Globig A,
et al. Swarm incursions of reassortants of highly pathogenic avian
influenza virus strains H5N8 and H5N5, clade 2.3.4.4b, Germany,
winter 2016/17. Sci Rep. 2018;8:15. http://dx.doi.org/10.1038/
s41598-017-16936-8
Global Consortium for H5N8 and Related Influenza Viruses. Role
for migratory wild birds in the global spread of avian influenza
H5N8. Science. 2016;354:213–7. http://dx.doi.org/10.1126/science.
aaf8852
Salaheldin AH, El-Hamid HSA, Elbestawy AR, Veits J, Hafez HM,
Mettenleiter TC, et al. Multiple introductions of influenza A(H5N8)
virus into poultry, Egypt, 2017. Emerg Infect Dis. 2018;24:943–6.
http://dx.doi.org/10.3201/eid2405.171935
Yehia N, Naguib MM, Li R, Hagag N, El-Husseiny M, Mosaad Z,
et al. Multiple introductions of reassorted highly pathogenic avian
influenza viruses (H5N8) clade 2.3.4.4b causing outbreaks in wild
birds and poultry in Egypt. Infect Genet Evol. 2018;58:56–65.
http://dx.doi.org/10.1016/j.meegid.2017.12.011

Address for correspondence: Leo L.M. Poon, the University of Hong
Kong School of Public Health, LKS Faculty of Medicine, 5/F William
MW Mong Block, Bldg 21, Sassoon Road, Hong Kong, China; email:
llmpoon@hku.hk; or Hussain Al-Ghadeer, Riyadh Veterinary Diagnostic
Laboratory, General Administration of Laboratories, Ministry of
Environment, Water, and Agriculture, Riyadh 11454, Saudi Arabia;
email: E23315@mewa.gov.sa

1964

Severe Respiratory Illness
Outbreak Associated with
Human Coronavirus NL63
in a Long-Term Care Facility
Julie Hand, Erica Billig Rose, Andrea Salinas,
Xiaoyan Lu, Senthilkumar K. Sakthivel,
Eileen Schneider, John T. Watson
Author affiliations: Louisiana Department of Health, Baton Rouge,
Louisiana, USA (J. Hand, A. Salinas); Centers for Disease Control
and Prevention, Atlanta, Georgia, USA (E.B. Rose, X. Lu,
S.K. Sakthivel, E. Schneider, J.T. Watson)
DOI: https://doi.org/10.3201/eid2410.180862

We describe an outbreak of severe respiratory illness associated with human coronavirus NL63 in a long-term care
facility in Louisiana in November 2017. Six of 20 case-patients were hospitalized with pneumonia, and 3 of 20 died.
Clinicians should consider human coronavirus NL63 for patients in similar settings with respiratory disease.

H

uman coronaviruses (HCoVs) OC43, 229E, NL63,
and HKU1 are frequently associated with upper respiratory tract infection but can also cause lower respiratory
tract infections (LRTIs), such as pneumonia or bronchitis.
Transmission of these viruses primarily occurs through
respiratory droplets and indirect contact with secretions
from infected persons. Signs and symptoms of illness often
include runny nose, headache, cough, sore throat, and fever. LRTI occurs less frequently, but young children, older
adults, and persons who are immunosuppressed appear to
be at higher risk for these types of infections (1–3).
A wide range of respiratory viruses are known to circulate in long-term care facilities (LTCFs) and contribute
to respiratory illness in the residents who live in them (4).
Although outbreaks of HCoV-OC43 have been described
among elderly populations in long-term care settings (5),
outbreaks of severe respiratory illness associated with
HCoV-NL63 have not, to our knowledge, been documented in LTCF settings.
On November 15, 2017, the Louisiana Department of
Health (Baton Rouge, Louisiana, USA) was notified of a
possible outbreak of severe respiratory illness by a representative of an LTCF that provides nursing home care and
short-term rehabilitation services to 130 residents. At the
time of notification, the facility reported 11 residents with
chest radiograph–confirmed pneumonia. For this investigation, we defined a case-patient as any LTCF resident
with respiratory tract symptoms of new onset in November
2017, and we considered LRTI diagnoses that were based
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Table. Signs and symptoms reported by case-patients with severe respiratory illness during outbreak associated with human
coronavirus NL63 in long-term care facility, by hospitalization status, Louisiana, USA, November 1–18, 2017
Case-patients with lower respiratory tract infection, no. (%)
No. (%) case-patients with severe
Sign or symptom
respiratory illness, N = 20
Total, n = 16
Hospitalized, n = 6
Nonhospitalized, n = 10
Cough
19 (95)
15 (94)
5 (83)
10 (100)
Chest congestion
13 (65)
9 (56)
1 (17)
8 (80)
Shortness of breath
5 (25)
4 (25)
3 (50)
1 (10)
Wheezing
3 (15)
3 (19)
3 (50)
0
Fever*
3 (15)
3 (19)
1 (17)
2 (20)
Altered mental status
2 (10)
2 (13)
2 (33)
0
*Fever as recorded in patient medical charts.

on clinical or radiologic evidence. During November 1–18,
a total of 20 case-patients (60% male) of a median age of
82 (range 66–96) years were identified. The number of
cases of respiratory illness peaked in mid-November. The
most common symptoms were cough (95%) and chest congestion (65%). Shortness of breath, wheezing, fever, and
altered mental status were also reported (Table). Sixteen
(80%) case-patients had abnormal findings on chest radiograph; pneumonia was noted in 14. All case-patients had
concurrent medical conditions; the most common were
heart disease (70%, 14/20), dementia (65%, 13/20), hypertension (40%, 8/20), diabetes (35%, 7/20), and lung disease (35%, 7/20). Six (30%) case-patients required hospitalization; all had chest radiograph–confirmed pneumonia.
Hospitalized LRTI case-patients demonstrated shortness of
breath (50% vs. 10%), wheezing (50% vs. 0%), and altered
mental status (33% vs. 0%) more frequently than did nonhospitalized LRTI case-patients (Table).
We performed molecular diagnostic viral testing on
nasopharyngeal specimens from 13 case-patients by realtime PCR at the Louisiana State Public Health Laboratory
(Baton Rouge, Louisiana, USA) and the Centers for Disease Control and Prevention (Atlanta, Georgia, USA). Of
the 13 available specimens, HCoV-NL63 was detected in 7
(54%); rhinovirus was co-detected in 2 specimens. Of the
6 specimens negative for HCoV-NL63, 1 was positive for
rhinovirus, and 1 was positive for parainfluenza virus 1.
For the 6 case-patients hospitalized with pneumonia, median length of hospital stay was 4 (range 1–5) days; none of
these case-patients were mechanically ventilated or admitted to the intensive care unit. Nasopharyngeal specimens
were available from 2 of the hospitalized case-patients, and
HCoV-NL63 was detected in both. HCoV-NL63 respiratory infection was considered a contributory cause in the
deaths of 3 case-patients (1 hospitalized and 2 nonhospitalized) that occurred 10–36 days after illness onset. The concurrent medical conditions of those who died included dementia, cardiovascular disease, cancer, multiple sclerosis,
Parkinson disease, diabetes mellitus, hypertension, asthma,
and chronic kidney disease.
Infection control measures, including adherence to standard and droplet precautions for symptomatic residents, reviewing hand and personal hygiene policies, and enhanced

environmental cleaning, were implemented in the LTCF on
November 15. All residents were monitored daily for the
onset of respiratory symptoms. The case-patients resided
in rooms throughout the facility. However, residents often
shared rooms, walked throughout the facility, and spent
much of their time in shared areas (e.g., gym, dining rooms,
and recreational rooms). Because all case-patients had visited the gym at the facility for recreation or physical therapy
before becoming ill, environmental cleaning of this area was
performed. No new cases among residents were identified
after November 18, 2017, and no facility staff members reported respiratory symptoms during this outbreak.
The use of molecular diagnostics and respiratory virus panels has become more common, enabling specific
HCoVs to be more easily identified. In the United States,
HCoV respiratory infections commonly occur in the fall
and winter, and annual variations are noted in patterns of
circulation of individual HCoVs (6). At the time of this outbreak, national surveillance data from the National Respiratory and Enteric Virus Surveillance System indicated that
HCoV-NL63 was the predominant circulating HCoV type.
This outbreak demonstrates that HCoV-NL63 can be
associated with severe respiratory illness in LTCF residents. Clinicians and public health practitioners should
consider HCoV-NL63 in patients with similar clinical presentations in these settings.
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To the Editor: Fischer et al. described an external quality assessment exercise for laboratories in Brazil that perform molecular testing for Zika virus and the development
of an armored RNA control material (1). Armored RNAs
are RNA transcripts synthesized by in vitro transcription;
they are encapsulated in a bacteriophage protein coat and
are nuclease resistant. In addition to the external quality assessment samples, laboratories were sent vials of the World
Health Organization (WHO) International Standard (IS) for
Zika virus, which was prepared by using heat-inactivated
virus (2). Concentrations of WHO ISs are defined in IUs, in
this case referring to the viral load, and, because of limitations on number of vials prepared in each batch, they are
intended for calibrating secondary standards, including
calibrators and run controls in IU facilitating comparison
of assays (http://apps.who.int/medicinedocs/documents/
s23325en/s23325en.pdf). Secondary standards, such as
armored RNAs, traceable in IU (in accordance with ISO
17511:2003), are important complementary reagents to
WHO ISs. However, the study by Fischer et al. was missing the calibration of the armored RNA in IU, which is essential for traceability.
Because of packaging limitations of the protein coat,
armored RNAs contain only partial genome sequences,
compared with live or inactivated virus preparations such
as the WHO ISs, which contain full-length genomes. Consequently, armored RNAs are restricted to controlling
1966

only certain assays. However, it may be easier to import
armored RNAs into countries where disease outbreaks are
occurring because they are noninfectious and have not been
derived from either viremic plasma or cell culture–derived
virus that has undergone heat inactivation.
Inactivation protocols of viral stock materials must be
validated on a case-by-case basis. Certain viruses, such as
Zika virus, are heat labile (3), whereas viruses such as alphaviruses are much more heat resistant, although there is a
wide variation in susceptibility to heat inactivation between
different members of the genus (4,5). The availability of
controls, such as armored RNAs, is essential to ensure consistent assay performance on a daily basis and maintain
stocks of WHO IS samples for calibration.
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T

o say that William Foege’s life
has been inspirational is an understatement. It has encompassed literal
life-and-death adventures, often intertwined with efforts to prevent and control some of the most destructive infectious diseases of the past half century.
By recounting his time as an officer in
the Epidemic Intelligence Service, his
public health experiences in war zones, and his service
as director of the Centers for Disease Control, Dr. Foege
provides a front-row seat from which to watch the field of
public health progress.
The Fears of the Rich, the Needs of the Poor: My Years
at the CDC is well organized chronologically, with contextual information clearly documented. Foege recounts many
momentous CDC adventures and introduces the reader to
numerous CDC contemporaries. However, although the
title may be captivating, it does not reflect the focus of the
book well. Many of Foege’s assignments involved underserved and poverty-stricken populations, and he occasionally touches on the effects of wealth and class on the health
of these populations, but the book is primarily about his
experiences at CDC. That being said, in stating his “three

essentials for good public health programs,” Foege does
say: “The first is the conviction that the basis for public
health is to achieve health equity; therefore, the bottom line
is social justice in health.”
This book was written with a public health audience
in mind but would be a fascinating read for anyone with
an interest in public health. Foege’s distinct colloquial
voice and dry humor personalize the book, bringing his
work to life. Foege provides a first-hand account of the
recent history of humanity’s struggles with infectious diseases across the world, including progress made in the
field of public health over the decades of his career. By
sharing real stories of infectious diseases that devastated
populations and how Foege and his colleagues grew into
the leaders that helped bring these epidemics under control, the book provides guidance and inspiration for current and future public health workforces. Although public
health can be a thankless profession, through this memoir
Foege reminds us how indispensable the field is for our
world’s future.
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John Singer Sargent (1856–1925), Interior of a Hospital Tent, 1918. Watercolour over pencil on paper; 16 in × 21 in/39 cm × 53 cm.
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Concurrent Conflicts—the Great War
and the 1918 Influenza Pandemic
Terence Chorba and Byron Breedlove

T

he generation that endured through what was perhaps the most devastating epidemic ever—the great
influenza pandemic of 1918—is now gone. The influenza
strain of that pandemic infected about 500 million people,
one third of the world’s population, with extraordinarily
high pathogenicity and virulence. The result was staggering mortality: an estimated 20 to 100 million lives
were lost worldwide. The estimate of deaths of Americans attributable to influenza in that pandemic is 675,000,
Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
DOI: https://doi.org/10.3201/eid2410.AC2410
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the majority of which were among those from ages 20
through 40 years. During World War I, the “Great War,”
three influenza-associated mortality waves occurred in
northern Europe, beginning in early summer of 1918 and
extending over the course of a year; influenza accounted
for more fatalities than military engagement. The highest point of combined influenza and pneumonia mortality occurred in October 1918. At the time, the pandemic strain became known as “the Spanish flu,” so called
because neutral Spain lacked war censors and was the
first country to report on the pandemic publicly; however, the geographic origin of the causative organism
remains an enigma.
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Among that generation was the artist John Singer
Sargent, who was born in Florence in 1856 and raised
principally in France, the child of two Americans: an eye
doctor turned medical illustrator father, and an amateur
artist mother. Home-schooled and trained at the École des
Beaux-Arts in Paris, he enjoyed a storied career, principally as a portraitist. In early summer 1918, late in his
renowned career when living in England, Sargent was
invited back to France on commission by British Prime
Minister Lloyd George, Field Marshal Douglas Haig,
and the British Department of Information, War Memorials Committee, to depict the Anglo-American effort in
the war.
During late September, while preparing sketches for
his iconic painting Gassed in a military camp near Roisel
(in Péronne, France), Sargent fell ill with influenza. Sargent was cared for and convalesced in a hospital tent in
France. He wrote that he lay there, “with the accompaniment of groans of wounded, and the chokings and coughing of gassed men, which was a nightmare. It always
seemed strange on opening one’s eyes to see the level cots
and the dimly lit long tent looking so calm, when one was
dozing in pandemonium.”
Sargent’s hospital experience inspired the image featured on this month’s cover, Interior of a Hospital Tent.
This watercolor depicts the interior of a hospital tent with
military cots arrayed in file on the side, covered with blankets in a mix of red (contagious cases) and brown (convalescing or noninfluenza cases), two colors that must have
dominated the entire war hospital environment. The scene
is actually one of tranquility, a respite from the chaos and
carnage of war. In one bed, a soldier lies reading, his head
bolstered by pillows; in another, a soldier sleeps on his
side with an open tent flap behind him, his bed bathed in
light from the world of the healthy. Beyond them, there are
three or four more cots with soldiers reclining in varying
amounts of darkness and light. Above all, in varying shades
of military brown, is a great propped tent canopy.
Sargent remained hospitalized for a week, but unlike
so many of the much younger soldiers, he recovered and
returned to his task of documenting what he saw. At the
outset of his journey through France in July 1918, he had
written that the best material for his commission would
be to see “a big road encumbered with troop and traffic…
combining English and Americans.” By mid-October in
northern France, Sargent had had his fill of war. He wrote,
“I have wasted lots of time going to the front trenches.
There is nothing to paint there—it is ugly, meagre, and
cramped…. I have seen what I wanted, roads crammed
with troops on the march. It is the finest spectacle that
war affords…”

By the end of October, Sargent returned to Britain to
complete the several works for which he had been commissioned. What he had seen firsthand and documented
from his experiences in the conflict were the amplification
mechanisms for infectious disease transmission that war
provides: crowding, migration, and poor ventilation and
sanitation. Because there were no vaccines available with
proven safety and efficacy to protect against influenza and
no antibiotics to treat secondary bacterial infections from
influenza or wounds, there were few public health measures available to counter the spread and devastation of
the pandemic.
Whether the great pandemic tipped the balance of
power toward the cause of the Allies, such that surrender
came in November 1918, remains a matter of debate. The
theory that one conflict had a significant impact on the outcome of the other is supported by data published from archives in Austria (Price-Smith 2008), which indicate that
waves of morbidity and mortality from influenza were
experienced both to a larger extent and earlier among the
Central Powers (Germany, Austria-Hungary, the Ottoman
Empire, and Bulgaria) than among the Allies. Unfortunately, the pandemic was not limited in its geographic reach,
and through 1920, it exerted a tremendous toll on morbidity and mortality and created economic and social burdens,
both elsewhere in Europe and throughout the Americas,
Africa, Asia, Australia, and the Pacific.
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Article Title

Human Pegivirus in Patients with Encephalitis
of Unclear Etiology, Poland
CME Questions
1. Your patient is a 39-year-old man with encephalitis
of unclear etiology. According to the case series
by Bukowska-Ośko and colleagues, which of the
following statements about evidence for HPgV
infection in the CNS among patients with encephalitis
of unclear etiology is correct?
A.

5′ UTR HPgV RNA was detected in serum in 4 of 96
patients with encephalitis of unclear origin, and 3 of
these patients were also positive in CSF
B. Two patients were co-infected with other
pathogenic viruses
C. The presence of viral RNA in CSF proved that this
was the cause of encephalitis
D. HPgV-infected patients were clinically distinct from the
other patients
2. According to the case series by Bukowska-Ośko
and colleagues, which of the following statements
about HPgV sequences in CSF compared with those
circulating in serum is correct?
A.
B.

Single-strand conformation polymorphism (SSCP)
showed no differences between the serum and CSFderived viral sequences
Two unique amino acid E2 region changes in CSF vs
serum variants were serine changed to phenylalanine
at aa postion 508, and proline to leucine at position
572 in another patient

C.

Amino acid E2 region changes in CSF vs serum
variants were both within regions predicted to contain
T-cell epitopes
D. Phylogenetic comparison of 5′ UTR and E2
sequences showed sequences interspersed between
different patients
3. According to the case series by Bukowska-Ośko
and colleagues, which of the following statements
about clinical implications of evidence for HPgV
infection in the CNS among patients with encephalitis
of unclear etiology would be correct?
A.
B.
C.
D.

The study proves that HPgV infection in the CNS
causes encephalitis
Liver is the major site of HPgV replication
The primary target of HPgV infection may be a
progenitor hematopoietic stem cell, allowing a route
for CNS access
5′ UTR and E2 region sequence differences between
CSF and serum compartments are not biologically
meaningful
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Article Title

Influenza Transmission Dynamics in Urban Households,
Managua, Nicaragua, 2012–2014
CME Questions
1. Your patient is a 5-year-old boy with influenza, living
in a low-income urban household with 2 parents and
2 siblings. According to the case-ascertained study
by Gordon and colleagues, which of the following
statements about overall risk for influenza infection
in household contacts, mean serial interval for withinhousehold transmission, and transmissibility of
different strains in low-income urban households in
Managua, Nicaragua, is correct?
A.
B.
C.
D.

Overall risk for influenza infection was 5.7% in
household contacts of index cases
Mean serial interval for within-household transmission
was 6 days
Higher transmissibility of influenza B than influenza
A overall was explained by higher transmissibility of
influenza B among children
Nearly half of index cases were treated with
oseltamivir

2. According to the case-ascertained study by Gordon
and colleagues, which of the following statements
about risk factors for transmission of influenza virus
within low-income urban households in Managua,
Nicaragua, is correct?
A.
B.

1972

C.
D.

Influenza A(H1N1) was significantly more infective
than influenza A(H3N2) or B
Household contacts with index cases having >4
household contacts had approximately 30% to 40%
higher risk for infection

3. According to the case-ascertained study by Gordon
and colleagues, which of the following statements
about clinical implications of findings regarding the
transmission of influenza virus in low-income urban
households in Managua, Nicaragua, is correct?
A.
B.
C.
D.

Study findings are generalizable to persons with
influenza regardless of receipt of medical care
Study findings are generalizable to adults with
influenza
The study proves the efficacy of interventions
designed to reduce influenza transmission to
household contacts of index cases
Only 5% of household contacts were vaccinated
against influenza, so the study was underpowered to
detect vaccine effectiveness

Children were more susceptible to influenza A and
B than adults, presumably caused by lower levels of
preexisting immunity and contact patterns
Oseltamivir treatment significantly reduced the risk for
influenza transmissibility
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use endnotes for references. Place reference numbers in parentheses, not superscripts. Number citations in order of appearance (including in text, figures, and tables).
Cite personal communications, unpublished data, and manuscripts in preparation or
submitted for publication in parentheses in text. Consult List of Journals Indexed in
Index Medicus for accepted journal abbreviations; if a journal is not listed, spell out
the journal title. List the first six authors followed by “et al.” Do not cite references in
the abstract.
Tables. Provide tables within the manuscript file, not as separate files. Use the MS
Word table tool, no columns, tabs, spaces, or other programs. Footnote any use of boldface. Tables should be no wider than 17 cm. Condense or divide larger tables. Extensive
tables may be made available online only.
Figures. Submit editable figures as separate files (e.g., Microsoft Excel, PowerPoint).
Photographs should be submitted as high-resolution (600 dpi) .tif or .jpg files. Do not embed
figures in the manuscript file. Use Arial 10 pt. or 12 pt. font for lettering so that figures, symbols, lettering, and numbering can remain legible when reduced to print size. Place figure
keys within the figure. Figure legends should be placed at the end of the manuscript file.
Videos. Submit as AVI, MOV, MPG, MPEG, or WMV. Videos should not exceed 5
minutes and should include an audio description and complete captioning. If audio is
not available, provide a description of the action in the video as a separate Word file.
Published or copyrighted material (e.g., music) is discouraged and must be accompanied
by written release. If video is part of a manuscript, files must be uploaded with manuscript submission. When uploading, choose “Video” file. Include a brief video legend in
the manuscript file.

Types of Articles
Perspectives. Articles should not exceed 3,500 words and 50 references. Use of
subheadings in the main body of the text is recommended. Photographs and illustrations are encouraged. Provide a short abstract (150 words), 1-sentence summary, and
biographical sketch. Articles should provide insightful analysis and commentary about
new and reemerging infectious diseases and related issues. Perspectives may address
factors known to influence the emergence of diseases, including microbial adaptation and
change, human demographics and behavior, technology and industry, economic development and land use, international travel and commerce, and the breakdown of public
health measures.
Synopses. Articles should not exceed 3,500 words in the main body of the text
or include more than 50 references. Use of subheadings in the main body of the
text is recommended. Photographs and illustrations are encouraged. Provide a short
abstract (not to exceed 150 words), a 1-line summary of the conclusions, and a brief

biographical sketch of first author or of both authors if only 2 authors. This section
comprises case series papers and concise reviews of infectious diseases or closely
related topics. Preference is given to reviews of new and emerging diseases; however, timely updates of other diseases or topics are also welcome. If detailed methods
are included, a separate section on experimental procedures should immediately follow the body of the text.
Research. Articles should not exceed 3,500 words and 50 references. Use of subheadings in the main body of the text is recommended. Photographs and illustrations are
encouraged. Provide a short abstract (150 words), 1-sentence summary, and biographical
sketch. Report laboratory and epidemiologic results within a public health perspective.
Explain the value of the research in public health terms and place the findings in a larger
perspective (i.e., “Here is what we found, and here is what the findings mean”).
Policy and Historical Reviews. Articles should not exceed 3,500 words and 50 references. Use of subheadings in the main body of the text is recommended. Photographs
and illustrations are encouraged. Provide a short abstract (150 words), 1-sentence summary, and biographical sketch. Articles in this section include public health policy or historical reports that are based on research and analysis of emerging disease issues.
Dispatches. Articles should be no more than 1,200 words and need not be divided
into sections. If subheadings are used, they should be general, e.g., “The Study” and
“Conclusions.” Provide a brief abstract (50 words); references (not to exceed 15); figures
or illustrations (not to exceed 2); tables (not to exceed 2); and biographical sketch. Dispatches are updates on infectious disease trends and research that include descriptions
of new methods for detecting, characterizing, or subtyping new or reemerging pathogens.
Developments in antimicrobial drugs, vaccines, or infectious disease prevention or elimination programs are appropriate. Case reports are also welcome.
Research Letters Reporting Cases, Outbreaks, or Original Research. EID
publishes letters that report cases, outbreaks, or original research as Research Letters.
Authors should provide a short abstract (50-word maximum), references (not to exceed
10), and a short biographical sketch. These letters should not exceed 800 words in the
main body of the text and may include either 1 figure or 1 table. Do not divide Research
Letters into sections.
Letters Commenting on Articles. Letters commenting on articles should contain a
maximum of 300 words and 5 references; they are more likely to be published if submitted
within 4 weeks of the original article’s publication.
Commentaries. Thoughtful discussions (500–1,000 words) of current topics.
Commentaries may contain references (not to exceed 15) but no abstract, figures, or
tables. Include biographical sketch.
Another Dimension. Thoughtful essays, short stories, or poems on philosophical
issues related to science, medical practice, and human health. Topics may include science and the human condition, the unanticipated side of epidemic investigations, or how
people perceive and cope with infection and illness. This section is intended to evoke
compassion for human suffering and to expand the science reader’s literary scope.
Manuscripts are selected for publication as much for their content (the experiences they
describe) as for their literary merit. Include biographical sketch.
Books, Other Media. Reviews (250–500 words) of new books or other media on
emerging disease issues are welcome. Title, author(s), publisher, number of pages, and
other pertinent details should be included.
Conference Summaries. Summaries of emerging infectious disease conference activities (500–1,000 words) are published online only. They should be submitted no later
than 6 months after the conference and focus on content rather than process. Provide
illustrations, references, and links to full reports of conference activities.
Online Reports. Reports on consensus group meetings, workshops, and other activities in which suggestions for diagnostic, treatment, or reporting methods related to
infectious disease topics are formulated may be published online only. These should not
exceed 3,500 words and should be authored by the group. We do not publish official
guidelines or policy recommendations.
Photo Quiz. The photo quiz (1,200 words) highlights a person who made notable
contributions to public health and medicine. Provide a photo of the subject, a brief clue
to the person’s identity, and five possible answers, followed by an essay describing the
person’s life and his or her significance to public health, science, and infectious disease.
Etymologia. Etymologia (100 words, 5 references). We welcome thoroughly researched
derivations of emerging disease terms. Historical and other context could be included.
Announcements. We welcome brief announcements of timely events of interest to
our readers. Announcements may be posted online only, depending on the event date.
Email to eideditor@cdc.gov.
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