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Abstract.

Traditional study designs do not identify acute asymptomatic or pre-symptomatic dengue virus (DENV)

infections, thus limiting our understanding of immunologic and viral factors that modulate infection outcome. In the
2006 and 2007 dengue seasons, we conducted a pilot index cluster study in Managua, Nicaragua, in which 442 persons liv-
ing within 50 meters of 22 index cases identified through an ongoing pediatric cohort study were evaluated for DENV
infection. Post-enrollment and pre-enrollment DENV infections were confirmed in 12 (2.7%) and 19 (4.3%) contacts,
respectively. Five (42%) post-enrollment infections were asymptomatic, and DENV-2 was identified in 9 (75%) infec-
tions. Phylogenetic analysis with full-length DENV genomic sequence from contacts, index cases, and cohort dengue cases
indicated focal transmission and infection outside the local area. We demonstrate the feasibility of identification of acute
asymptomatic and pre-symptomatic cases in urban Latin America, the first report of such a study in the Americas, and
identify age and concomitant immunity to DENV of contacts as a key factor in index cluster study design.

INTRODUCTION

Dengue is a mosquito-borne viral illness that causes a spec-
trum of clinical disease ranging from dengue fever to the more
severe, life-threatening dengue hemorrhagic fever and dengue
shock syndrome. However, data from several studies around
the world,”? including Nicaragua,*’ indicate that 50-90% of
dengue virus (DENV) infections are inapparent. An ongoing
pediatric cohort study in Managua, Nicaragua, enables detec-
tion of the number of inapparent DENV infections that occur
each year by analyzing titers of antibodies to DENV in yearly
blood samples, but does not permit their identification at the
moment that they occur. Identification of acute asymptom-
atic DENV infections and cases immediately before symptom
onset has proven impossible through traditional study designs.
Therefore, genetic, immunologic, and virologic determinants
of why certain persons remain asymptomatic whereas oth-
ers progress to disease of varying severity are incompletely
understood, and characterization of the immune response
immediately prior to the onset of clinical symptoms in den-
gue disease has remained elusive. However, the index cluster
study design, in which household and neighborhood contacts
of viremic dengue cases are recruited, enables analysis of these
questions and refined spatio-temporal analysis of DENV
transmission.

To enable investigation of these critical questions, we
assessed the feasibility of an index cluster study in Nicaragua,
where persons living near a dengue index case were evaluated
for DENV infection to enable identification of asymptomatic
and pre-clinical symptomatic DENV infections. Although two
such index cluster studies in Asia have now been reported, this
pilot study tested the methods in the Americas, where differ-
ent cultural acceptance of frequent blood draws and distinct
DENYV transmission patterns may impact the feasibility and
outcome of such a design. In addition, we wanted to inves-
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tigate the possible impact of study design (e.g., site, age) on
observed incidence of pre-enrollment and post-enrollment
DENYV infections in contacts, as one published study was con-
ducted in the homes of schoolchildren from 20 rural villages
in Thailand such that dengue cases were geographically sep-
arated® and because another study was conducted in urban
Indonesia with a population consisting of children and adults,’
more similar to our study that included children and adults
in a single urban district of Managua. Finally, the pattern of
DENV transmission has distinct characteristics in Asia versus
the Americas, with more concurrent circulation of different
DENYV serotypes, more severe disease, and in general higher
incidence of DENV infection in Asia.® In our study, we also
included full-length sequencing of several viral isolates from
contacts and phylogenetic comparison to DENV isolated from
their index cases, the results of which suggest focal transmis-
sion and infection outside the household area.

MATERIALS AND METHODS

Study population, location, and design. The study was
conducted in the capital of Nicaragua, Managua, which has
a population of approximately 1.4 million. Participants were
recruited in District IT of Managua, a low-to-middle income area
bordering Lake Managua, in which approximately 30% of the
population is less than 15 years of age and 53 % is female.’ Most
of the 62,000 inhabitants in the district live in dense housing
conditions, with an average of 8-10 persons living in cement
block and zinc roof homes of ~10 m? without screened windows
or doors.Most households have potable water and sewage service,
but water service is sporadic, necessitating water storage within
homes. The population of District II is served by the Health
Center Socrates Flores Vivas (HCSFV), a public clinic run by
the Ministry of Health. Baseline seroprevalance is high in the
population, as observed in the concurrent pediatric cohort study,
in which prevalence of antibodies to DENV reached > 90-95%
by 10-12 years of age.’ All four serotypes have circulated in
Nicaragua since the 1990s, with one serotype dominating each
season: e.g., in Managua DENV-3 predominated in 1995 and
1998; DENV-2 in 1999-2001; DENV-1 in 2003-2004; DENV-2
in 2005-2007; and DENV-3 in 2008-2009.
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The study was conducted within the Pediatric Dengue
Cohort Study (PDCS), which is based at the HCSFV and has
been on-going since August 2004.5° In 2006 and 2007, the
PDCS was composed of approximately 3,750 persons 2-12
years of age residing in District II. Active DENV infections
were identified through enhanced passive surveillance by
study physicians and nurses at the HCSFV and periodic home
visits for follow-up.!® Participants were followed closely for all
illnesses, and children who had fever were screened for signs
and symptoms of dengue. Suspected dengue cases and cases
of undifferentiated fever were tested for acute infection and
followed-up closely while symptoms persisted. Once a year in
July, prior to the onset of the dengue season, blood samples
were obtained from healthy participants for serologic test-
ing of paired annual samples to identify inapparent DENV
infections.

Active participants in the cohort study who came to the
HCSFV within 48 hours after onset of symptoms of dengue and
met World Health Organization criteria (acute febrile illness
with two or more of the following symptoms or signs: head-
ache, retro-orbital pain, myalgia, arthralgia, rash, hemorrhagic
manifestations, or leukopenia) and who were confirmed as
having a DENV infection by reverse transcription—polymerase
reaction (RT-PCR) within 36 hours were eligible to enroll as
index cases. To maximize the number of contact cases identi-
fied, index case enrollment occurred during the peak of the
dengue season, which typically occurs between August and
January, and was initiated once transmission began to increase
each year (October 16,2006-January 12,2007 and September
8,2007-November 29,2007).

In the first year of the cluster study, four DENV-negative
index cases were included for comparison of focal transmission
patterns. Cluster contacts consisted of persons > 2 years of age
who were not participating in the PDCS and who lived in the
same household as the index case or neighbors living within
50 meters of the index household. Fifty meters was selected
because it is within the flight range of Aedes aegypti in urban
settings,!"'> minimizes potential spatial overlap with cohort
participants given the occasionally close distance between
homes of cohort participants, and was a large enough radius
to enroll the target number of contact persons. Once an index
case was identified and consented to participate in the study,
research field staff visited the area surrounding the home of
the index case to invite possible contacts to participate in the
study. Field staff screened contacts to ensure that they lived
within 50 meters of the index case (which was verified by a
global positioning system) and briefly described the study pro-
cedures and goals. Subsequently, Ministry of Health teams vis-
ited the home of the index case for vector control activities.
All participants and their legal guardians provided informed
consent and/or assent prior to enrollment. The study was
reviewed and approved by the Institutional Review Boards
of the University of California, Berkeley, and the Nicaraguan
Ministry of Health. Participants were given a temporary iden-
tification card that enabled them 24-hour access to consults
with the PDCS study physicians and use of the clinical labora-
tory at the HCSFV.

Upon enrollment (day 1), field staff recorded each partici-
pant’s temperature and administered a short questionnaire to
evaluate the presence of any dengue-like symptoms in the pre-
vious 48 hours. On days 1 and 14,5 mL of blood was obtained
from each participant for virologic and serologic testing (4 mL)

and complete blood count (1 mL). Participants who were con-
firmed with a current DENV infection or who experienced
fever during the 14-day duration of the study were encouraged
to attend the HCSFYV for care during their illness, where study
physicians provided care and used a standardized data collec-
tion instrument to document clinical signs and symptoms.

Laboratory assays. DENV-specific IgM was detected by
using a single-dilution IgM-capture enzyme-linked immuno-
sorbent assay (ELISA)," and total antibodies to DENV were
measured by using an inhibition ELISA*!5 and analyzed
using the method of Reed and Muench'® to confirm serologic
diagnosis and to distinguish primary and secondary DENV
infections. Both serologic assays were performed on paired
day 1 and day 14 serum samples. In addition, day 1 serum
samples from persons who were dengue positive by either IgM
ELISA or inhibition ELISA analysis of paired day 1 and
day 14 samples, or who were positive for DENV-specific [gM
antibodies in both samples, were subjected to RNA extraction
(QTAamp® Viral RNA Mini Kit; Qiagen, Valencia, CA) and
RT-PCR amplification with primers specific for the capsid
gene.'” Viral isolation in C6/36 Ae. albopictus cells'® was
performed on samples positive for DENV by RT-PCR, and the
serotype of the isolated virus was confirmed by RT-PCR. All
virologic and serologic testing was performed at the Ministry
of Health’s National Virology Laboratory, and complete blood
counts were obtained at the HCSFV.

Sequencing and phylogenetic analysis. RNA was extracted
using the QIAamp® Viral RNA Mini Kit from viral isolates
from index cases and their contacts. RNA was also extracted
from viruses isolated from cohort study participants who
experienced a DENV infection two weeks prior, during, or two
weeks after the period of the cluster study in the 2007 dengue
season (August 25, 2007-December 13, 2007). The RNA
was reverse transcribed with Superscript III RT (Invitrogen,
Carlsbad, CA), primed with random hexamers and a single
primer directed to the conserved 3" end of the DENV genome
(5-AGAACCTGTTGATTCAACAGCAC-3",DENV-216681
position 10701-10723), and sent to the Broad Institute in
Cambridge, Massachusetts. At the Broad Institute, 96 over-
lapping amplicons of 500-900 nucleotides were generated
and sequenced bidirectionally by using the ABI3730x] DNA
sequencer (Applied Biosystems, Foster City, CA), resulting in
~8-fold sequence coverage per genome.

Sequences were then assembled and annotated by using
the Broad Institute’s viral consensus assembly and reference
annotation algorithms. Phylogenetic trees were inferred for
DENV-2 sequences from PDCS participants during the 2007
dengue season, including cluster index cases, and four contacts
of three index cases using whole-genome nucleotide data.
Related American/Asian DENV-2 strains were used as an out-
group. Sequences were aligned using Muscle version 4.0," and
the best-fit model of nucleotide substitution was determined
by using MODELTEST.* Maximum likelihood trees were
generated by using PhyML version 3.0?! with subtree pruning
and regrafting branch swapping under the general time revers-
ible + I model of nucleotide substitution where the proportion
of invariable sites was 0.6811.

Definitions. A post-enrollment DENYV infection was defined
asapersonwhodemonstratedseroconversion of DENV-specific
IgM or a > 4-fold increase in DENV-specific antibodies by
inhibition ELISA in paired samples, with or without detection
of DENV by RT-PCR or virus isolation. A pre-enrollment
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DENYV infection was defined as a person whose day 1 and day
14 samples were positive for DENV-specific antibodies by IgM
ELISA or whose day 1 sample was IgM positive and whose
day 14 sample was IgM negative. A primary DENV infection
was defined when the antibody titer was < 10 in the day 1
sample and/or < 2,560 in the day 14 sample as determined by
inhibition ELISA.* Secondary DENV infection was defined by
inhibition ELISA as an antibody titer > 10 in the day 1 sample
and/or > 2,560 in the day 14 sample.’®?? Symptomatic cases
were those meeting the World Health Organization definition
(as described above) or with fever without a defined focus
(undifferentiated febrile illness), as determined by signs and
symptoms collected by field teams at enrollment and follow-up
and by study physicians at the HCSFV, together with complete
blood count results. Asymptomatic cases were afebrile and
showed no symptoms during the study period.

RESULTS

In the 2006 and 2007 seasons of the PDCS, 875 initial medical
consultations to the HCSFV for possible DENV infections by
cohort participants occurred, of which 13 in 2006 and 64 in 2007
were laboratory-confirmed dengue cases.’ Dengue virus type 2
was responsible for 70% and 95% of symptomatic cases in the
2006 and 2007 seasons, respectively, as determined by RT-PCR
and viral isolation. A total of 22 index participants were selected
from the cohort study during the peak of dengue transmission,
7 in the 2006 season and 15 in the 2007 season. Of these index
cases 18 had laboratory-confirmed DENV-2 symptomatic infec-
tions (all dengue fever) and 4 were DENV-negative. Index case
participants ranged in age from 4 to 12 years and 10 were female
(Table 1). Clusters were distributed throughout the catchment
area of the HCSFV (Figure 1). At each cluster site, 18-25 con-
tacts were enrolled, totaling 495 contacts. Females comprised
70% (346) of the contacts,and 94 (19%) were less than 15 years
of age, with a mean age of 30 years (Table 1).

Serologic analysis was completed for 442 contacts (89%)
from whom day 1 and day 14 blood samples were obtained,
leaving 53 indeterminate cases that were not further analyzed.

Of those with complete serologic results, 19 (4.3%) were pos-
itive for pre-enrollment DENV infections (18 positive for
DENV-specific IgM antibodies on days 1 and 14, and 1 posi-
tive on day 1 and negative on day 14), and post-enrollment
DENV infections developed in 12 (2.7%) (Table 2). Overall,
nine of the 22 clusters (41%) had a positive post-enrollment
contact, ranging from 1 to 3 positive contacts per cluster. As in
the index cases, all contact infections were caused by DENV-2.
Nine participants were positive by RT-PCR, of which six were
also positive by virus isolation (Tables 2 and 3).

Contacts with post-enrollment DENV infections ranged in
age from 11 to 67 years old,and 10 (83 %) of the 12 were female
(Table 1). Dengue virus infections were confirmed among con-
tacts of negative (2 contact infections) and positive (10 contact
infections) index cases. Most infections were secondary (10 of
12,83%); two primary infections occurred during the 2006 sea-
son. Seven symptomatic (58%) and five asymptomatic (42%)
DENYV infections were recorded. In 2006, all four infections
were asymptomatic, and all of the symptomatic cases occurred
during the 2007 season in secondary DENYV infections (7 of
8 infections) (Table 3). In the concurrent pediatric cohort in
the same district, 16 asymptomatic DENV infections were
identified through serologic testing of paired annual samples
for every 1 symptomatic case identified in 2006, whereas in
2007 only 3 asymptomatic infections were recorded for every
symptomatic DENV infection.’ During the 2006 study period,
there were 8 symptomatic dengue cases in the cohort (includ-
ing those serving as index cluster cases). During the 2007 sea-
son, 53 symptomatic cohort cases were identified. National
Surveillance data on confirmed dengue cases showed simi-
lar temporal trends throughout Managua compared with the
cohort study and the index cluster study during both years.

Dengue virus type 2 wasisolated from three cases prior to symp-
tom onset, from one case of undifferentiated fever, and from two
of the five asymptomatic infections, both of which were second-
ary infections. The two primary DENV infections were asymp-
tomatic and negative by RT-PCR. In both study years, infections
were observed among cohort participants and other HCSFV
patients who lived near positive cluster contacts (Figure 1).

TABLE 1

Demographic characteristics and dengue virus infection in index cases and contacts, Nicaragua*

Characteristic Index cases (n = 22) no. (%)

All contacts (n = 495) no. (%)

Pre-enrollment dengue
(n=19) no. (%)

Post-enrollment dengue
(n=12) no. (%)

Age, years
<15 22 (100)
>15 0(0)
Mean 8
Sex
F 10 (46)
M 12 (54)
Index case
DENV negative 4 (18)
DENYV positive 18 (82); DENV-2
Clinical classification
Dengue fever 18 (100)
Undifferentiated fever -
Asymptomatic -
Immune response
Primary 3(17)
Secondary 15 (83)

Fever onset
Prior to enrollment
At follow-up

(All'index cases febrile at first
consultation)

94 (19) 1(5) 6 (50)

401 (81) 18 (95) 6 (50)
30 34 23

346 (70) 11 (58) 10 (83)

149 (30) 8 (42) 2(17)

81 (16) 1(5) 2(17)

414 (34) 18 (95) 10 (83)

_ - 4(33

- - 3 Ezsg

- - 5 (42)

- - 2(17)

- - 10 (83)

- - 2(29)

_ - 5(71)

*DENYV = dengue virus.
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FIGURE 1.
and patients at Health Center Socrates Flores Vivas, Nicaragua, Septem!

Phylogenetic analysis of full-length DENV-2 sequences from
three index cases and four contacts (DENV-2 isolates were
obtained from two contacts of the same index case) was per-
formed together with sequences from 50 PDCS participants
who had confirmed dengue during the period of the 2007 cluster
study (Figure 2). In two of the three instances, viral sequences
from the index cases and their contacts were identical (index
1565 and contacts 20170 and 20172, both with O substitutions/
site) or nearly identical (index 2453 and its contact 20410 with
0.00174 substitutions/site), which indicated a close evolution-
ary relationship (including identity) and likely transmission.

Ta
Laboratory results of cl

Geographic distribution of laboratory-confirmed dengue among cluster contacts, participants in the Pediatric Dengue Cohort Study,

ber-November 2007.

However, the sequence from contact 20213 is substantially more
divergent from that of its index case (2703), with 0.01583 substi-
tutions per site, and it appears in a different branch of the tree
with sequences from a few other cohort members from different
neighborhoods.

DISCUSSION

In this pilot study, we have shown the feasibility of using an
index cluster design to identify DENV infections prior to symp-
tom onset as well as acute asymptomatic DENV infections.

BLE 2
uster contacts, Nicaragua*

Result IgM ELISA (n = 442) no. (%) Inhibition ELISA (n = 442) no. (%) RT-PCRf (n =22) no. (%) Virus isolation? (n = 9) no. (%) Final result§ (n = 442) no. (%)
Negative 415/442 (93.9) 433/442 (98.0) 13/22 (59.1) 3/9 (33.3) 430/442 (97.3)
Positive 27/442 (6.1) 9/442 (2.0) 9/22 (40.1) DENV-2#  6/9 (66.7) DENV-2# 12/442 (2.7)

*Of 495 contacts enrolled, 53 were indeterminate, missing the day 14 sample. ELISA= enzyme-linked immunosorbent assay; RT-PCR = reverse transcription-polymerase chain reaction;

DENYV = dengue virus.

+RT-PCR was only performed on day 1 samples from those contacts who had a positive result for IgM and/or for inhibition ELISA.

1 Virus isolation was only attempted among those day 1 samples positive by RT-PCR.
§ Positive post-enrollment.

q Serostatus of paired day 1 and 14 samples were as follows: negative-positive: 27 (1.6%) of 442; positive-positive: 19 (4.3%) of 442; and positive-negative: 1 (0.2%) of 442. One of the 19 positive-
positive samples was classified as post-enrollment because of a > 4-fold increase in antibodies to DENV as determined by inhibition ELISA (ID# 20002, Table 3).

#DENV-2 was the only serotype identified by RT-PCR or virus isolation among study partici

pants.
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TaBLE 3
Characteristics of post-enrollment dengue cases, Nicaragua*

Clinical Primary/secondary Virus
Study year Study code  Indexcase  Age,years Sex classification IgM1 IgM2 InhEltiter InhE2titer Result InhE infection RT-PCR isolation
2006-2007 20002 276 30 F AS + + 5 1,443 + 1 - NP
20032 25107 13 M AS - - 200 7,563 + 2 DENV-2 DENV-2
20065 3325 24 F AS - + 1,550 3,933 - 2 - NP
20131 3555+ 40 F AS - - 15 211 + 1 - NP
2007-2008 20170 1565 14 F AS - - 2,862 100,001 + 2 DENV-2 DENV-2
20172 1565 11 F UFI - + 2,011 36,547 + 2 DENV-2 DENV-2
20213 2703 14 F DFi# - + 345 100,001 + 2 DENV-2 DENV-2
20410 2453 25 F DF - + 296 16,099 + 2 DENV-2 DENV-2
20443 1155 67 F DF - + 12,724 33,942 - 2 DENV-2 -
20497 2538 12 F DFi - + 316 18,634 + 2 DENV-2 DENV-2
20498 2538 14 F UFI - + 1,561 5,092 - 2 DENV-2 -
20502 2538 15 M UFI# - - 4,154 20,180 + 2 DENV-2 -

*InhE = inhibition enzyme-linked immunosorbent assay; RT-PCR = reverse transcription-polymerase chain reaction; AS = asymptomatic; NP = not processed; DENV = dengue virus;

UFI = undifferentiated febrile illness; DF= dengue fever.
fNegative index case.
i Febrile at enrollment.

To our knowledge, this is the first report of an effective index
cluster study in Latin America. The study, which was conducted
by community health workers from the local health center
within an established cohort study, had high acceptance in the
community, and a day 14 blood sample was collected from
more than 89% of the participants. In addition, we were able to
obtain full-length sequence of viral isolates from several con-
tacts and perform phylogenetic analysis to investigate the evo-
lutionary relationship with sequences from their index cases
and dengue cases in the cohort study during the same period.

The results of this study provide additional information
about silent DENV transmission in the Americas. The much
higher proportion of asymptomatic to symptomatic cases in
2006 as compared with 2007 paralleled the data obtained in
the cohort study,’ which indicated that the cluster method suc-
cessfully identified asymptomatic DENYV infections in similar
proportions to the cohort study, but during the acute phase
of disease. Likewise, the frequency of DENV infections in
the cluster study followed similar trends as in the concurrent
large-scale cohort study, in which many more symptomatic
cases were identified in the 2007 dengue season compared
with 2006.° In addition, temporal trends in dengue cases par-
alleled National Dengue Surveillance reports. Interestingly,
DENYV infections occurred among contacts of negative and
positive index cases in our study, suggesting that DENV trans-
mission is widespread throughout urban Managua.

The incidence proportion of post-enrollment DENV infec-
tions (2.7%) in this index cluster study in Nicaragua is similar
to that observed in the adult and pediatric population study
that used the index cluster method in urban Indonesia (2.2%
post-enrollment DENV infections).” In contrast, an index clus-
ter study in rural Thailand among children less than 15 years of
age observed post-enrollment DENV infections among 12.4%
of contacts of DENV-positive index cases.® A possible explana-
tion is that the study in Thailand was in children (more suscep-
tible to DENV infection), whereas our study and the study in
Indonesia, which had comparable post-enrollment incidence
rates, included a substantial adult population (mean age = 30
years in Managua and 23 years in Indonesia, where more chil-
dren were included). In addition, in Managua, the population
has a high level of immunity against DENV, as documented
in the concurrent cohort study.’ Thus, the age and concommi-
tent immunity to DENV of contacts seemed to have a major
impact on observed incidence of post-enrollment infections,

although other geographic, environmental, virologic, and host
genetic differences between the studies may also have influ-
enced the outcome.

In Nicaragua, where one serotype typically predominates
each year, phylogenetic analysis of viral isolates best enables
investigation of the focal nature of transmission. We were able
to obtain full-length genomic sequence from DENYV isolated
from several cluster contacts, their index cases, and dengue
cases from the cohort study during the same period. Although
the small number precludes definitive conclusions, in two
instances, the sequence of the virus isolated from the index
case and its contact(s) was identical or nearly identical, which
suggested focal transmission. In the third case, the sequence
of the virus from the index case was different from that of
the positive contact (20213), a 14-year-old girl who could well
have been infected with DENV in another part of Managua
or via her guardian (20212), a 43-year old woman who was
identified as a pre-enrollment DENV infection. Thus, phy-
logenetic analysis suggested focal transmission and possible
infection outside the local area. This finding is consistent with
the known focal nature of DENV transmission®*2° and with
DENYV infection in mobile populations.

This study, although useful in its demonstration of the fea-
sibility and utility of the cluster method in the Americas, had
too small a sample size to permit definitive conclusions to be
drawn. Therefore, we have presented descriptive data and do
not attempt to generalize the observations. Rather, these data
suggest areas for further study and future application of the
index-cluster method. The pediatric population eligible for
our study was reduced significantly because approximately
one-third of the children in the study district were already
under surveillance for dengue as participants in the cohort
study and could not be enrolled because of limits on numbers
of blood drawings in a given period. Many of the index cases
had siblings or other household members and neighbors who
were enrolled in the cohort study (13 of 22 index cases), which
limited the number of potential contact participants. Five
DENV infections were identified in cohort participants living
within 50 meters of an index case during the 14 days of cluster
study follow-up. Another limitation is that because of severe
resource constraints of this pilot study, not all samples were
processed by PCR, but rather only those that were positive
for antibodies to DENV in paired serologic samples, which
resulted in loss of 53 initially enrolled participants who were
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Ficure 2. Phylogenetic analysis of dengue virus type 2 (DENV-2) sequences from index cases, cluster contacts, and cohort dengue cases during
the 2007 index cluster study in Nicaragua. Complete DENV-2 genomes from Pediatric Dengue Cohort Study participants during the 2007 dengue
season, including cluster index cases and four contacts of three index cases, were used to generate a maximum likelihood phylogenetic tree using
PhyML v3.0, as described in the Materials and Methods. Other full-length DENV-2 genomes from the Asian-American genotype were used to root
the tree. PDCS = dengue cases from the Pediatric Dengue Cohort Study; index = index case; index pos = index case with a dengue-positive contact.
* % and *** denote paired index cases and their contacts. Red = index case with paired contact in tree; blue = cluster contact. This figure appears

in color at www.ajtmh.org.

not located on day 14. The resource limitations also precluded
inclusion of additional index cases. Seventy percent of the con-
tacts were female, possibly because women are more likely to
be in the home during the daytime when study enrollment was
performed. Although no strong sex-related differences in den-
gue fever have been reported, this finding may have affected
identification of infections if household members not enrolled
spent more daytime hours, when Ae. aegypti are active, outside
the study area.

We show by using an index cluster study that the incidence of
post-enrollment DENYV infections was similar in Managua and
in a comparable population in urban Indonesia. Sequencing of

samples from cluster contacts and their index cases, performed
here for the first time, improves our understanding of focal
and non-localized transmission of DENV strains. This success-
ful implementation of an index-cluster study in the Americas
sets the stage for larger studies addressing variations in mani-
festations of DENV infection and characterizing the immune
response prior to symptom onset by identification of pre-
symptomatic infections and investigation of the nature of focal
transmission and introduction of new DENYV strains through
phylogenetic analysis of cluster index cases and contacts. In
addition, host gene expression analysis and immune profiling
of asymptomatic infections in a larger study will provide critical
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information about natural control of DENV infection and
what a vaccine-induced immune response should look like.
Finally, future comparisons with results of index cluster stud-
ies in Asia will enable more definitive comparison of factors
affecting disease severity, silent transmission, and patterns of
transmission in the two regions.
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