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Abstract

Transmission heterogeneity, whereby a disproportionate fraction of pathogen transmission events result from a small number of
individuals or geographic locations, is an inherent property of many, if not most, infectious disease systems. For vector-borne
diseases, transmission heterogeneity is inferred from the distribution of the number of vectors per host, which could lead to
significant bias in situations where vector abundance and transmission risk at the household do not correlate, as is the case with
dengue virus (DENV). We used data from a contact tracing study to quantify the distribution of DENV acute infections within human
activity spaces (AS), the collection of residential locations an individual routinely visits, and quantified measures of virus
transmission heterogeneity from two consecutive dengue outbreaks (DENV-4 and DENV-2) that occurred in the city of Iquitos, Peru.
Negative-binomial distributions and Pareto fractions showed evidence of strong overdispersion in the number of DENV infections by
AS and identified super-spreading units (SSUs): i.e. AS where most infections occurred. Approximately 8% of AS were identified as
SSUs, contributing to more than 50% of DENV infections. SSU occurrence was associated more with DENV-2 infection than with
DENV-4, a predominance of inapparent infections (74% of all infections), households with high Aedes aegypti mosquito abundance,
and high host susceptibility to the circulating DENV serotype. Marked heterogeneity in dengue case distribution, and the role of
inapparent infections in defining it, highlight major challenges faced by reactive interventions if those transmission units contributing
the most to transmission are not identified, prioritized, and effectively treated.

Keywords: arbovirus, transmission heterogeneity, mobility, super-spreading

Significance statement

Pathogen super-spreaders are generally inferred by quantifying the number of secondary infections generated by an infectious indi-
vidual. Here, we analyze a comprehensive data set comprising six years of contact-cluster investigations to quantify Zs, a place-
based measure of transmission heterogeneity suitable for vector-borne pathogens, to describe the distribution of acute dengue virus
infections in the city of Iquitos, Peru. Up to 8% of contact-clusters were identified as dengue super-spreaders due to the predominance
of inapparent infections and the interaction between high Ae. aegypti mosquito abundance and high human susceptibility to dengue.
Asymptomatic contribution to DENV heterogeneity was more marked for DENV-2 than for DENV-4. The marked heterogeneity in den-
gue, caused by the disproportionate role of inapparent infections, highlight important difficulties faced by existing interventions re-
sponding to reported symptomatic cases.

Introduction (1-4). This assumption, however, presumes an equivalent

For mosquito-borne diseases, the number of vectors per host has risk-per-vector for each host, a situation that appears unlikely
long been assumed to be a proxy for pathogen transmission risk based on recent and ongoing research (2, 5). For dengue virus
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(DENV), evidence of strong heterogeneity in human biting attract-
iveness to Aedes aegypti mosquitoes (6, 7), the occurrence of contacts
in locations other than an individual’s home given the daytime
biting behavior of Ae. aegypti (8), and spatial and temporal variations
in the number of vectors and infectious human-mosquito contacts
(9, 10), critically challenge the hypothesized association between
vector density and risk of pathogen transmission (11-13).
Revisiting the approaches used to quantify transmission risk will re-
quire accounting for multiple sources of heterogeneity that influ-
ence where, when, and how human-vector contacts occur (5).

Longitudinal dengue cohort studies performed in the Amazon
city of Iquitos, Peru, identified a person’s “activity space” as an ap-
propriate scale to quantify DENV transmission (8, 14-17). An activ-
ity space (AS), often quantified using surveys or GPS technology, is
defined as all locations in addition to the home that are visited by
an individual during daytime routine movements that can lead to
her/his exposure to bites from Ae. aegypti (8). Contact-cluster in-
vestigations also revealed that dengue illness modulates human
mobility, including time spent at residential locations (18, 19),
and modifies the composition of their AS, overall human-
mosquito contacts, and the probability of onwards DENV trans-
mission (11). Furthermore, such contact-cluster investigations
quantified a strong epidemiological link between DENV infection
in a cluster index case and the intensity of DENV transmission
within contacts sampled at the AS (15, 16), implying that dengue
transmission is stronger within AS units than within isolated
households. Other sources of variability in the DENV system that
potentially influence transmission are associated with important
biological differences between the four immunologically distinct,
butrelated, virus serotypes as well as genetic differences withinin-
dividual serotypes (20, 21). Complex within-host immune re-
sponses to sequential serotype infections lead to a strong
correlation between age and DENV seroprevalence and influence
the rate of symptomatic DENV illness (22-24), which can range
from fully asymptomatic (with no perceptible symptoms), to
symptomaticillness with severity ranging from inapparent, where
symptoms are mild or often unrecognized, to severe illness, which
requires hospitalization and intensive care. Two factors, the pre-
dominance (70-80%) of asymptomatic and inapparent DENV in-
fections (25, 26), and the demonstrated ability of asymptomatic
DENV carriers to be infectious to Ae. aegypti (21), highlight the
need to include this “silent majority” in estimates of virus trans-
mission (11, 27). Approaches to quantify transmission intensity
at the individual level, that also detect the presence of inapparent
infections while accounting for other sources of heterogeneity, are
needed to better describe DENV epidemiology.

The distribution of secondary infections (also called the “off-
spring distribution”, Z (28)), has been used to characterize empir-
ically the transmission structure of a myriad of directly
transmitted pathogens (28, 29). By fitting a negative-binomial dis-
tribution, with variance ¢” = u(1 + #/k) and mean equal to y, to the
observed offspring distribution Z, and exploring the value of its
dispersion parameter (k), studies have revealed the occurrence
of strong heterogeneity in pathogen transmission emerging from
a small number of super-spreaders, which exert a strong influ-
ence on the structure and explosiveness of epidemics (28, 30). A
lower k is evidence of a higher degree of super-spreading, and val-
ues of k lower than 1imply substantial super-spreading, as recent-
ly shown for SARS-CoV-2 (31, 32) and other pathogens (28, 29).

For vector-borne diseases, inferring Z is significantly chal-
lenged by the indirect nature of pathogen transmission. Vectors
acquiring an infection from a primary case remain infectious for
life and can move between premises, extending the temporal

and spatial dimensions of pathogen transmission. To overcome
these limitations, we propose the quantification of the number
of acute infections linked to an individual's activity space, Zas
(see Methods), rather than the number of cases generated from
direct contact with the individual (Z). This is a subtle but relevant
difference (place-based rather than individual-based distribution),
to adapt the estimate of Z to the complexities of vector-borne dis-
ease systems. More specifically, Zss should not be interpreted as
Z, in that the metric is not estimated for an individual (the index
case) or a specific location (the index case’s home). Instead, Zas ag-
gregates all active infections occurring within all locations reported
as visited by an index case to generate a measure of the intensity of
pathogen circulation within that activity space. Analyzing Z,s data
from hundreds of index cases can provide insights into the drivers
of pathogen circulation within socially defined transmission units
(15). For pathogens for which the index case house is not a strong
predictor of risk (due to an important proportion of the exposure
occurring outside the home), Z,s may thus prove to be an alterna-
tive to location-specific effective reproduction numbers (Ry)
(e.g. (33)).

Here, we analyze a unique dataset comprising six years of
contact-cluster investigations (the prospective identification of in-
dividuals living in houses visited by a DENV febrile individual prior
to symptom onset with the goal of identifying all potential virus ex-
posure locations within an AS) in Iquitos, Peru, and two different
DENV serotype invasions (see online supplementary material
Text) to quantify Zas for DENV, and assess the role of epidemiologic-
al, immunological, and entomological characteristics in shaping vi-
rus transmission heterogeneity. Our primary goal for the study was
to characterize transmission heterogeneity for DENV, not the re-
construction of virus transmission chains and the role of index
cases in onwards transmission (a common inference from Z for dir-
ectly transmitted pathogens). Instead, we sought to test the hy-
potheses that (1) inapparent infections shape the distribution of
DENV within AS units and (2) entomological measures correlate
with epidemiological data only after accounting for inapparent in-
fections and different measures of human DENV susceptibility.

Results

From October 2008 through September 2014, active surveillance
of the longitudinal cohort led to the initiation of 1,094
contact-cluster investigations due to the detection of a febrile par-
ticipant. A total of 257 febrile participants were confirmed by PCR
as infected with DENV, leading to the activation of the
contact-cluster investigation and to consider them as “index
cases’ of each contact cluster (Fig. 1). The breakdown of serotypes
among the 257 index cases was: DENV-1 (N =4), DENV-2 (N = 174),
DENV-3 (N =3), DENV-4 (N = 72), or an unidentified DENV serotype
(N=4) (Table S1). The study occurred during a period of rapid
serotype transition, when DENV-4 (a novel introduction in
Iquitos (16)) was replaced by DENV-2 during the third year of the
DENV-4 invasion (Fig. 1). This replacement occurred despite
high DENV-4 susceptibility in the study population (Fig. S1 and
(34)). The relatively high DENV-2 attack rate compared to
DENV-4 (Fig. S2) helps explain why most of the AS analyzed
were initiated by index cases infected with DENV-2.
Consequently, DENV-1 and DENV-3 were excluded from further
analyses given the low number of infections detected (Fig. S2,
Table S1). A total 2,034 contacts provided a blood specimen that
was tested by PCR (out of 3,974, 51%, reported to be actively living
in all contact locations). Of the 2,034 contacts, 235 (11.6%) were
found infected with DENV. When assessed by study physicians
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Fig. 1. Quantifying DENV transmission heterogeneity. (a) The contact-cluster study design incorporated data from active surveillance in Iquitos, Peru,
with two entomological surveys to quantify the offspring distribution of DENV infections. (b) Temporal distribution of the 253 index cases and their

associated secondary cases by serotype.

in their homes at the time of enrollment and in subsequent
follow-up visits, more than half the DENV-infected contacts re-
ported not having any detectable DENV symptoms (Table S1,
Fig. S3). As they could either have been fully asymptomatic or to
have manifested undetermined DENV symptoms, we will conser-
vatively treat these infections as “inapparent” (Table S1). When
looking at contacts, the inapparent:symptomatic ratio was higher
for DENV-2 than for DENV-4 and varied by age (Fig. S3).

Over the entire study period and neighborhoods, both DENV-2
and DENV-4 exhibited overdispersion in Z,s (Fig. 2a and b). Zas es-
timates excluded the index cases and were neither associated

with the number of samples nor the number of residents per activ-
ity space (Fig. S4). For each serotype and both combined, overdis-
persion in Zas (k<0.5) was quantified for all time separations
between the onset of symptoms of contacts and the index case,
Dt (Fig. 2¢c, Table S2). Extreme overdispersion (k < 0.1) was quanti-
fied only when inapparent infections were accounted for (Fig. 2d,
Table S2). For most Dt values, the value of k and its 95%CI were
lower for inapparent than for symptomatic individuals, and for
DENV-2 compared to DENV-4 (Table S2). When only symptomatic
individuals were considered, Zs showed no signs of extreme over-
dispersion for Dt values up to 10 days (Fig. 2d).
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Fig. 2. Heterogeneities in DENV transmission. The number of acute infections per activity space, Zas, was estimated for 257 index cases detected in
Iquitos from 2008 to 2014. Histograms in (a) and (b) show Z,s values across all clusters for DENV-2 and DENV-4, respectively. (c) Estimates of k, the
dispersion parameter for a negative-binomial distribution, for each virus and the time of detection of an acute DENV infection (Dt) in a different person in
the same activity space. (d) Estimates of k as a function of Dt for symptomatic and inapparent infections. All data points, with the exception of those with *

had their parameter k being higher than unity (Table S2).

We identified 21 super-spreading units (SSUs, AS that had ex-
tremely high number of cases), 10 DENV-2 and 11 DENV-4, com-
prising 8.2% of all ASs, but containing 55% of all detected acute
infections. Table S3 shows attributes for these SSUs and Fig. S4
shows the distribution of the number of locations in both SSU
and non-SSU AS. Inapparent infections constituted the majority
(71.2%) of infections in SSUs (Table S3). There was no significant
correlation between Zss and the number of residents (Pearson’s
correlation, t=1.29, df =19, P=0.21) or the number of locations
(t=0.92, df =19, P=0.37) per AS (Fig. S5). While significant over-
dispersion was found at the AS level, we found no evidence of it
when the count of acute DENV infections by house was analyzed
(Fig. S6), indicating that transmission heterogeneity occurs at the
AS level, rather than at the level of individual locations.

An alternative approach to empirically measure transmission
heterogeneity, the Pareto fraction of Z,s (representing the fraction
of active DENV infections that occurred in a given fraction of ASs),
quantified a significant deviation from the null hypothesis of no
overdispersion for both DENV serotypes and illness levels
(Table S4). For symptomatic infections only, the Pareto fraction
was always below the 60:40 ratio (meaning, 40% of the AS accu-
mulated 60% of all infections) (Fig. 3, Table S4). When inapparent
infections were included in the analysis, the Pareto fraction in-
creased for both virus serotypes and symptoms, with overall

(DENV 2-4) fractions of 66:34 for symptomatic + inapparent infec-
tions combined (Fig. 3b).

Applying the Pareto fraction to the total number of Ae. aegypti
per AS resulted in 25% of AS accounting for 75% of all mosquitoes
(Fig. 3c). ASs with the highest contribution to Z,s were not the ones
with the largest Ae. aegypti infestations (Fig. 3d; Spearman Rank
correlation, S=13,999, P=0.93). Only 15% of SSUs showed ex-
treme overdispersion of the total number of Ae. aegypti adults col-
lected indoors with no significant association among them (=
0.1, df =2; P=0.999). These results indicate that the distribution
of Ae. aegypti alone is insufficient to explain DENV transmission
heterogeneity and SSEs at the activity space level.

We hypothesized that DENV entomological risk is confounded
by the level of susceptibility to each serotype in the human popu-
lation (13, 35). For example, in areas of low human susceptibility,
vector density may not be predictive of DENV infection risk. We
calculated two measures of AS-level susceptibility, the Shannon
susceptibility index (SHd) and the susceptibility to the circulating
serotype (Si, see Methods). We found that, in univariate analyses,
only Si had a moderate association with Z,s (Fig. S7). When SSU
was considered a binary variable (0 =no SSU; 1 =SSU), the prob-
ability of an activity space being detected as an SSU was signifi-
cantly predicted by Si and the total number of Ae. aegypti
collected per AS (Table S5, Fig. 4). At low DENV susceptibility,
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Fig. 3. Fraction of AS units contributing with most DENV cases. (a—c) Plots
showing the estimation of the Pareto fractions of Zss (shown as
cumulative fraction, blue) representing the %th fraction of cases
occurring in the %th fraction of AS units. The Pareto fraction is shown in
ratio format (##:##). Gray lines show 50:50 Pareto fraction. Fits were
performed for (a) symptomatic infections, (b) all infections (symptomatic
and inapparent) and (c) the number of Ae. aegypti per AS. Panel (d) shows
the number of Ae. Aegypti and Zus.

Ae. aegypti density did not explain the heterogeneity of DENV
transmission (Fig. 4). Increases in human susceptibility to the cir-
culating DENV serotype (>50%) co-occurring with increasing Ae.
aegypti densities were, however, associated with a sharp increase
in the probability of an AS becoming a SSU (Fig. 4).

Discussion

Quantifying and accounting for heterogeneities in vector-borne
pathogen transmission systems is of utmost relevance for im-
proved disease prevention strategies (3, 5, 36-38). We show that
AS are relevant units for characterizing dengue epidemiology
and that a place-based measure of transmission heterogeneity,
Zas, can help identify vector-borne disease super-spreading and
identify factors relevant to pathogen transmission. When both
symptomatic and inapparent infections were accounted for, re-
markable levels of aggregation in the distribution of DENV infec-
tions emerged. Approximately 8% of AS were identified as SSUs
contributing more than 50% of infections. Furthermore, we
show that transmission activity in the house of a symptomatic in-
dividual, alone, is a poor predictor of transmission intensity. The
description of the dispersion in Zus is, thus, a novel approach to
characterize dengue epidemiology.

Beyond dengue, most of the literature describing vector-borne
disease transmission heterogeneity has focused on the role of
human-vector contacts rather than the distribution of human in-
fections. For instance, Pareto fractions ranging from 60:40 and
70:30 across transmission settings in Uganda were inferred for
Plasmodium falciparum-infected mosquito counts per house (36),
yet such measures were not validated using human infection

d
o
o

S
S

QR

RRRRRL

nssi° Aungeaod

Fig. 4. Factors influencing the emergence of DENV SSUs.
GAMM-predicted association between the probability of an activity space
being a DENV super-spreading unit, the total number of Ae. aegypti
mosquitoes sampled in the AS, and the proportion of individuals in the AS
susceptible to the circulating serotype (Si).

data. Woolhouse et al. (4) described measures of transmission
heterogeneity for multiple vector-transmitted pathogens (e.g.
malaria, leishmaniasis, schistosomiasis), but their finding of an
80:20 rule was based on proxies of human-vector contacts rather
than actual pathogen transmission events. Given that for a variety
of vector-borne diseases human mobility plays an important role
in defining pathogen exposure (2, 8), contact-cluster investiga-
tions could be extended beyond dengue to refine estimates of
transmission heterogeneity, including Z,s, and empirically quan-
tify transmission heterogeneity and its causes.

A key component in the heterogeneity of dengue epidemiology
is the well-established phenomenon that typically half or more of
all infections are inapparent or fully asymptomatic (25, 39) and,
thus, not detected by public health surveillance systems.
Mathematical models suggest that people with asymptomatic
and inapparent infections, given their proven ability to infect Ae.
aegypti mosquitoes (21), may contribute up to 80% of the force of
DENV infection (27) and onwards DENV transmission (11).
Results from mathematical models fitted to longitudinal pediatric
cohort data from Nicaragua indicate the role of an understudied
mechanism behind the variable ratios of inapparent to symptom-
atic infections; i.e. immune boosting by subsequent DENV infec-
tions (22, 23). Specifically, recent exposure to homotypic or
heterotypic DENV infections may “boost” an individual’'s immune
response by moderately increasing antibody titers, which may re-
duce viremia and the severity of a subsequent DENV infection (22,
23). Similarly, we found that ASs that were identified as SSUs
(where high rates of DENV infections were quantified) had a high-
er proportion of inapparent infections compared to the rest of the
ASs, indirectly supporting the idea that high transmission inten-
sity in those ASs may be underlying their lower rates of symptom-
atic DENV illness. Our study, combined with emerging scientific
evidence from other longitudinal cohort studies (21-23, 40) and
mathematical models (11, 22, 27), highlight the need to study
the complex human immune response to DENV and its role in
the occurrence of asymptomatic and inapparent carriers more ex-
plicitly. For example, people with asymptomtic SARS-CoV-2
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infections contribute disproportionally to virus transmission and
pre-symptomatic infections can be a driver of epidemics (41).

Integrating entomological and epidemiological information
collected at the activity space level identified a previously hy-
pothesized, but untested, interaction between Ae. aegypti abun-
dance and human susceptibility to virus infection as the main
drivers of DENV transmission (13). As hypothesized, entomologic-
al indices alone had no predictive utility for DENV transmission
but were significantly associated with the occurrence of SSUs
when human susceptibility to a serotype was measured and was
high. In Iquitos, Ae. aegypti adult and pupal density calculated
from cross-sectional entomological surveys separated every four
months was not associated with an increase in the risk of DENV
infection at the household level (42), in part due to the challenge
in obtaining entomological information that is concurrent with
the time when virus exposure occurred. Conversely, a detailed
simulation model predicted that an individual’s positive contribu-
tion to onwards transmission during an outbreak was a function
of the interaction between an individual’s suitability to being bit-
ten by a mosquito and the number of mosquitoes in their home
(11). Our findings emphasize the relevance of an accurate charac-
terization of human susceptibility to DENV infection in combin-
ation with entomological information at appropriate spatial and
temporal scales as an approach to improve estimates of DENV
transmission risk. Also, as more studies like ours are conducted,
refinements in estimates of k and the association between Ae. ge-
gypti and DENV transmission risk may help better characterize
transmission heterogeneity across settings.

We acknowledge several limitations that impacted our study.
We did not sequence virus genomes and, therefore, did not exam-
ine heterogeneity in virus populations within and between ASs.
Our finding that susceptibility to the circulating strain was a
strong predictor of the presence of SSUs could have been refined
by knowing more about specific genotypes that may have circu-
lated in Iquitos. For instance, a study with the same cohort sug-
gested incomplete protection against DENV-2, meaning that 43%
of the detected infections had elevated DENV-2 antibodies titers
prior to infection (34). It may be possible that different DENV-2
genotypes were circulating at the same time, explaining the
more elevated inapparent ratio for DENV-2 than for DENV-4.
The low finding of DENV-1 and DENV-3 cases also limited knowing
how transmission heterogeneity is influenced in the context of
polytypic DENV circulation. In Iquitos, a single serotype typically
dominates (39, 43). Having more years of data may have given a
chance to detect enough DENV-1 and DENV-3 cases to run ana-
lysis. Similarly, even with the high effort put in our study, only
about 150 DENV cases were detected in ~50% of the contacts pro-
viding a blood sample. Increasing the coverage of blood draws to
more participants would have reduced the uncertainty in the es-
timates of k. Simulation studies show that, when few clusters
are detected, estimates of k from a negative-binomial distribution
tend to be underestimated (30). Testing mosquitoes for DENV in-
fection would have provided an independent measure of the dis-
tribution of infection and its relationship with acute DENV
human infections. Our design prevented us from identifying visi-
tors to contact locations who may have been concurrently
infected. Although study participation was high, not all house
members consented to provide a blood sample (see Methods).
Our estimates of heterogeneity, therefore, are likely an underesti-
mate of the true distribution of DENV at the AS level.

Theory predicts that, for directly transmitted pathogens, the
existence of marked overdispersion in Z would render blanket in-
terventions less effective (28, 44). Experience validates such

prediction. Even the most stringent COVID-19 social distancing
rules have become ineffective in the presence of large gatherings
that served as super-spreading events; e.g. (31, 45, 46). The strong
heterogeneity in pathogen transmission has also helped guide
public health efforts for the proactive local containment of patho-
gens such as Ebola virus or TB bacteria; e.g. contact tracing, ring
vaccination (28, 29). Vector control is generally implemented in
and around premises of confirmed or probable DENV cases (47).
Spatial and temporal heterogeneity in transmission, and the influ-
ence of inapparentinfections on virus transmission (21, 27), reveal
a fundamental flaw in reactive dengue prevention programs (48).
Our results show that the distribution of infections at the individ-
ual house level is indistinguishable from a random distribution.
Infections tend to aggregate in specific AS that act as SSUs and
are driven by an excess in the number of inapparent infections.
Our findings, combined with recent results from mathematical
models (48-50) indicate that, in endemic cities like Iquitos, pre-
emptive interventions (i.e. performed before the beginning of a
transmission season) or combining vector control and vaccines
(50) may be more effective at curtailing transmission and sustain-
ably reducing disease than a reactive intervention that is initiated
after detection of symptomatic dengue cases.

Methods
Study design

Details of the contact-cluster study design, case ascertainment,
basic epidemiology of DENV in Iquitos and protocols for human
subjects research are described in the online supplementary ma-
terial Text and elsewhere (16). Figure 1 summarizes all the meth-
ods followed to layer an active febrile surveillance with a
longitudinal cohort involving ~2,400 participants aged 5 years
and older living in Maynas and Tupac Amaru, two neighborhoods
of Iquitos, Peru (population ~370,000). For the purposes of this
study, we considered all individuals from the active surveillance
that had a confirmed DENV infection (by PCR) as an “index case”
for contact-cluster investigations (Fig. 1). All individuals residing
in locations reported by index cases as visited during the 15-30
days prior to onset of the index case’s symptoms and providing
a blood specimen were considered as “contacts” of each contact
cluster (Fig. 1). Entomological evaluations were conducted in the
houses of all index cases and contacts using ~10-minute
Prokopack adult aspirators indoors (10) within 1-2 weeks of con-
firmation of infection of an index case (Fig. 1).

Human subjects approvals

The study protocol was approved by the University of California at
Davis (Protocol #2007-15244) and Naval Medical Research Unit Six
(Protocol #NMRCD.2007.0007) Institutional Review Boards (IRBs),
with the latter including Peruvian representation, in compliance
with all US Federal and Peruvian regulations governing the protec-
tion of human subjects. IRB authorization agreements were estab-
lished for Emory University, San Diego State University, and
Tulane University. The protocol was reviewed and approved by
the Loreto Regional Health Department (LRHD), which oversees
health research Iquitos. In all instances, consent was provided
by study participants or their parent or guardian.

Data analysis

For directly transmitted diseases, Z is inferred from the array of
contacts with active infections within a period compatible with
the incubation period of the pathogen (28, 29). Here, we extended
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the approach of estimating Z to a vector-borne disease system by
exploring a place-based estimate across all locations found within
index cases’ AS. Zag is thus the number of acute DENV infections
found across all residential locations reported as visited by an in-
dex case during the 15-days that preceded their onset of the index
case’s symptoms. We estimated Z,s for each DENV serotype by lo-
cation, and separately for symptomatic and inapparent DENV
infections. Maximum likelihood was used to fit Poisson and
negative-binomial distributions to Z,s (online supplementary ma-
terial Text) and assess the value of the dispersion parameter, k, as
a measure of transmission heterogeneity (30). We identified SSUs
as those AS that had a number of acute DENV infections greater
than the 99th centile of the equivalent Poisson distribution, with
the distribution mean equal to the mean number of infections
per AS (28).

Heterogeneity was also described by the Pareto fraction (36).
We define Pareto fraction for Zas from its empirical CDF
(eCDF) as Cooper et al. (36), with X denoting the proportion of
N observations and Y the empirical cumulative distribution:

Y(X)= > x. Y(X) monotonically increases with X and intersects
i<XN

the line 1 - X. The point X where Y(X) =1 - X defines the Pareto
fraction. At that point, there is a X:1 — X rule, for instance if X =
0.8 then the Pareto fraction corresponds to the well-known 80:20
rule. The Pareto index for a given fraction can be calculated as
log(X)/log(:%;). We calculated the Pareto fraction and Pareto in-
dex for (1) Zas, (2) Zas calculated only considering symptomatic in-
dividuals and (3) the distribution of Ae. aegypti per AS. Spearman
correlation was used to relate Y(X) estimated for Zss and for the
count of Ae. aegypti per AS. The code for calculating the Pareto
fraction can be found in the online supplementary material Text.

Generalized additive mixed models (GAMM) were fitted to Zus
(negative-binomial link) or to a binary variable indicating whether
an ASwas a SSU (binomial). In using the binomial GAMM, we were
interested in understanding what drives extreme overdispersion
and the emergence of SSUs. We used Ae. aegypti counts per AS
and a measure of human susceptibility to DENV as independent
variables in univariate and as a non-linear interaction. The sus-
ceptibility to the prevailing DENV serotype, S;, was calculated as:
Si=1- (%) where Npryr70 Was the count of individuals within
an AS whose PRNT, (see online supplementary material Text for
laboratory methods) was positive for the DENV serotype infecting
the AS index case relative to N, which was the total individuals
tested in that AS. S; takes values from 0 to 1, where 1 implies
full susceptibility to the circulating serotype and 0 full protective
immunity. While other measures of susceptibility were calculated
(see online supplementary material Text) none had a significant fit
to the data. Splines were used to fit the interaction terms, using
the mgcv package in R (51). Models with single and interaction
terms were compared using AIC.

Acknowledgments

We thank the residents of Iquitos for their support and participa-
tion in this study. We greatly appreciate the support of the
Loreto Regional Health Department, including Drs. Hugo
Rodriguez-Ferruci, Christian Carey, Carlos Alvarez, Hernan Silva
and the Lic. Wilma Casanova Rojas, who all facilitated our work
in Iquitos. A special thanks to Gloria Talledo for her ongoing sup-
port with the preparation of IRB protocols and reports for this
project.

A special thank you goes to our Iquitos movement team (Jhonny
Jorge Cordova-Lépez, Esther Jennifer Rios Lépez, Wendy Lorena

Quiroz Flores, Alfonso Simone Vizcarra Santillan), data manage-
ment personnel (Gabriela Vasquez De La Torre, Magaly Ochoa
Isuiza), and the nurse technicians involved in case capture
(Llerme Armas Pisco, Cesar Augusto Banda Chavez, Linder Maria
Canayo Zavaleta, Clara Chéavez Lépez, Karina Chuquipiondo
Vasquez, Laury Dacia Cuespan Camus, Leny Curico Manihuari,
Nadia Rocio Del Rio Chavez, Salome Elespuru, Junnelhy Mireya
Flores Lépez, Juan Flores Michi, Luz Angelica Galvez,
Huayllahua, Rina Gonzales Jaba, Deisy Irene Huinapi
Cambunugue, Maria Edith Juirez Baldera, Xiomara Mafaldo
Garcia, Nora Marin Romero, Nadia Tereshkova Montes Criollo,
Johnni Mozombite Flores, Sandra Ivonne Mofoz Perez, Lucy
Navarro Sanchez, Geraldine Ocmin Galan, Zenith Maria Pezo
Villacorta, Fiona Stefani Pinedo Zevallos, Iris Redtegui Carrién,
Zoila Martha Reategui Chota, Sadith Jovita Ricopa Manuyama,
Liliana Rios Lépez, Rubiela Nerza Rubio Bricefio, Ysabel Ruiz
Berger, Miranda Angela Rocio Soplin, Rosana Magaly Sotero
Jiménez, Rosa Tamani Babilonia, Zenith Tamani Guerrero,
Moises Tanchiva, Sarita Del Pilar Tuesta Davila, Flora Vargas
Ceras, Rita Gabriela Vasquez Orbe).

Supplementary material

Supplementary material is available at PNAS Nexus online.

Funding

This study was funded by the US National Institute of Allergy and
Infectious Diseases (NIH/NIAID) award numbers POl AI098670
and RO1 AI069341 (PI TWS) and RO3AI107446 (PI ACM). Further
support was provided by Bill and Melinda Gates Foundation
(BMGF) to the University of Notre Dame (Grant# OPP1081737),
the Defense Threat Reduction Agency (DTRA), Military
Infectious Disease Research Program (MIDRP, S0520_15_LI and
S0572_17_LI), and the Armed Forces Health Surveillance Branch
Global Emerging Infections Systems research program (GEIS)
ProMIS ID: 20160390169, PO090_17_N6_1.1.1, P0106_18_N6_01.01,
and P0143_19_N6. G.V.P. was supported by the US NIH/NIAID
(U01AI148069).

Copyright statement

Authors Helvio Astete, Crystyan Siles, and Isabel Bazan are US
Government Employees. This work was prepared as part of their
official duties. Title 17 U.S.C. § 105 provides that “Copyright pro-
tection under this title is not available for any work of the
United States Government”. Title 17 U.S.C. § 101 defines a US
Government work as a work prepared by a military service mem-
bers or employees of the US Government as part of those persons’
official duties.

Distribution statement

This manuscript has been approved for Public Release. The data
on the ZAS and entomological measures per activity space are
available from: http:/dx.doi.org/10.17632/ktngcmvegk.1

Disclaimer

The views expressed in this article are those of the authors and do
not necessarily reflect the official policy or position of the
Department of the Navy, Department of Defense, nor the US
Government.


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad024#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad024#supplementary-data
http://dx.doi.org/10.17632/ktngcmv6gk.1

8

| PNAS Nexus, 2023, Vol. 2, No. 3

Data availability

The data on the ZAS and entomological measures per activity
space are available from: http:/dx.doi.org/10.17632/ktngcmvégk.1

References

1

10

11

12

13

14

15

16

17

18

19

Anderson RM, May RM. 1982. Population biology of infectious dis-
eases. Life sciences research reports. New York (NY):
Springer-Verlag. p. viii, 314, [311] p.

Smith DL, et al. 2014. Recasting the theory of mosquito-borne
pathogen transmission dynamics and control. Trans R Soc Trop
Med Hyg. 108:185-197.

Perkins TA, Scott TW, Le Menach A, Smith DL. 2013.
Heterogeneity, mixing, and the spatial scales of mosquito-borne
pathogen transmission. PLoS Comp Biol. 9:e1003327.

Woolhouse ME, et al. 1997. Heterogeneities in the transmission of
infectious agents: implications for the design of control pro-
grams. Proc Natl Acad Sci U S A. 94:338-342.

Vazquez-Prokopec GM, et al. 2016. Coupled heterogeneities and
their impact on parasite transmission and control. Trends
Parasitol. 32:356-367.

Dye C, Hasibeder G. 1986. Population dynamics of mosquito-
borne disease: effects of flies which bite some people more fre-
quently than others. Trans R Soc Trop Med Hyg. 80:69-77.
Liebman KA, et al. 2014. Determinants of heterogeneous blood
feeding patterns by Aedes aegypti in Iquitos, Peru. PLoS Negl Trop
Dis. 8:2702.

Stoddard ST, et al. 2009. The role of human movement in the
transmission of vector-borne pathogens. PLoS Negl Trop Dis. 3:
e481.

Nguyet MN, et al. 2013. Host and viral features of human dengue
cases shape the population of infected and infectious Aedes ae-
gypti mosquitoes. Proc Natl Acad Sci U S A. 110:9072-9077.

LaCon G, et al. 2014. Shifting patterns of Aedes aegypti fine scale
spatial clustering in Iquitos, Peru. PLoS Negl Trop Dis. 8:e3038.
Schaber KL, et al. 2021. Disease-driven reduction in human mo-
bility influences human-mosquito contacts and dengue trans-
mission dynamics. PLoS Comput Biol. 17:21008627.

Scott TW, Morrison AC. 2003. In: Takken W, Scott TW, editors.
Ecological aspects for application of genetically modified mosquitoes.
Dordrecht, The Netherland: FRONTIS. p. 187-206.

Scott TW, Morrison A. 2008. Vector-borne diseases: understanding
the environmental, human health, and ecological connections.
Washington, DC: The National Academies Press. p. 132-149.
Paz-Soldan VA, et al. 2014. Strengths and weaknesses of Global
Positioning System (GPS) data-loggers and semi-structured inter-
views for capturing fine-scale human mobility: findings from
Iquitos, Peru. PLoS Negl Trop Dis. 8:e2888.

Reiner RCJr, Stoddard ST, Scott TW. 2014. Socially structured hu-
man movement shapes dengue transmission despite the diffu-
sive effect of mosquito dispersal. Epidemics. 6:30-36.

Stoddard ST, et al. 2013. House-to-house human movement
drives dengue virus transmission. Proc Natl Acad Sci U S A. 110:
994-999.

Vazquez-Prokopec GM, et al. 2013. Using GPS technology to quan-
tify human mobility, dynamic contacts and infectious disease
dynamics in a resource-poor urban environment. PloS One. 8:
€58802.

Perkins TA, et al. 2016. Calling in sick: impacts of fever on intra-
urban human mobility. Proc Biol Sci. 283:20160390.

Schaber KL, et al. 2019. Dengue illness impacts daily human mo-
bility patterns in Iquitos, Peru. PLoS Negl Trop Dis. 13:e0007756.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Rico-Hesse R. 2010. In: Rothman AL, editor. Dengue virus.
New York: Springer. p. 45-56.

DuongV, et al. 2015. Asymptomatic humans transmit dengue vi-
rus to mosquitoes. Proc Natl Acad Sci U S A. 112:14688-14693.
Alexander LW, et al. 2021. Boosting can explain patterns of fluc-
tuations of ratios of inapparent to symptomatic dengue virus in-
fections. Proc Natl Acad Sci U S A. 118:2013941118.

Katzelnick LC, Montoya M, Gresh L, Balmaseda A, Harris E. 2016.
Neutralizing antibody titers against dengue virus correlate with
protection from symptomatic infection in a longitudinal cohort.
Proc Natl Acad Sci U S A. 113:728-733.

Rodriguez-Barraquer I, et al. 2019. Impact of preexisting dengue
immunity on Zika virus emergence in a dengue endemic region.
Science. 363:607-610.

Bhatt S, et al. 2013. The global distribution and burden of dengue.
Nature. 496:504-507.

StanawayJD, et al. 2016. The global burden of dengue: an analysis
from the Global Burden of Disease Study 2013. Lancet Infect Dis.
16:712-723.

Ten Bosch QA, et al. 2018. Contributions from the silent majority
dominate dengue virus transmission. PLoS Pathog. 14:e1006965.
Lloyd-Smith JO, Schreiber SJ, Kopp PE, Getz WM. 2005.
Superspreading and the effect of individual variation on disease
emergence. Nature. 438:355-359.

Melsew YA, et al. 2019. The role of super-spreading events in
Mycobacterium tuberculosis transmission: evidence from con-
tact tracing. BMC Infect Dis. 19:244.

Lloyd-Smith JO. 2007. Maximum likelihood estimation of the
negative binomial dispersion parameter for highly overdispersed
data, with applications to infectious diseases. PLoS One. 2:e180.
Lau MSY, et al. 2020. Characterizing superspreading events and
age-specific infectiousness of SARS-CoV-2 transmission in
Georgia, USA. Proc Natl Acad Sci U S A. 117:22430-22435.

Zhang Y, LiY, Wang L, Li M, Zhou X. 2020. Evaluating transmis-
sion heterogeneity and super-spreading event of COVID-19 in a
metropolis of China. Int J Environ Res Public Health. 17:3705.
Ong]J, et al. 2022. Fine-scale estimation of effective reproduction
numbers for dengue surveillance. PLoS Comput Biol. 18:e1009791.
Forshey BM, et al. 2016. Incomplete protection against dengue vi-
rus type 2 Re-infection in Peru. PLoS Negl Trop Dis. 10:e0004398.
Salje H, et al. 2012. Revealing the microscale spatial signature of
dengue transmission and immunity in an urban population. Proc
Natl Acade Sci U S A. 109:9535-9538.

CooperL, etal. 2019. Pareto rules for malaria super-spreaders and
super-spreading. Nat Commun. 10:3939.

Fleming-Davies AE, Dukic V, Andreasen V, Dwyer G. 2015. Effects
of host heterogeneity on pathogen diversity and evolution. Ecol
Lett. 18:1252-1261.

Lloyd AL, Zhang J, Root AM. 2007. Stochasticity and heterogen-
eity in host-vector models. J R Soc Interface. 4:851-863.

Reiner RCJr, et al. 2014. Time-varying, serotype-specific force of
infection of dengue virus. Proc Natl Acad Sci U S A. 111
E2694-E2702.

Endy TP, Yoon IK, Mammen MP. 2010. Prospective cohort studies
of dengue viral transmission and severity of disease. Curr Top
Microbiol Immunol. 338:1-13.

Moghadas SM, et al. 2020. The implications of silent transmission
for the control of COVID-19 outbreaks. Proc Nat Acad Sci U S A.
117:17513-17515.

Cromwell EA, et al. 2017. The relationship between entomological
indicators of Aedes aegypti abundance and dengue virus infec-
tion. PLoS Negl Trop Dis. 11:e0005429.


http://dx.doi.org/10.17632/ktngcmv6gk.1

Vazquez-Prokopecetal. | 9

43

44

45

46

Morrison AC, et al. 2010. Epidemiology of dengue virus in Iquitos,
Peru 1999 to 2005: interepidemic and epidemic patterns of trans-
mission. PLoS Negl Trop Dis. 4:e670.

Eames KT, Keeling MJ. 2002. Modeling dynamic and network het-
erogeneities in the spread of sexually transmitted diseases. Proc
Natl Acad Sci U S A. 99:13330-13335.

Lemieux]J, et al. 2020. Phylogenetic analysis of SARS-CoV-2 in the
Boston area highlights the role of recurrent importation and
superspreading events. medRxiv. https://doi.org/10.1101/2020.
08.23.20178236, preprint: not peer reviewed.

Liu Y, Eggo RM, Kucharski AJ. 2020. Secondary attack rate and

superspreading events for SARS-CoV-2. Lancet. 395:e47.

47

48

49

50

51

World Health Organization. 2009. WHO, editor. Dengue guidelines
for diagnosis, treatment, prevention and contro. vol. WHO/HTM/
NTD/DEN/2009.1. Geneva, Switzerland: WHO/HTM/NTD/DEN/
2009.1.

Cavany SM, et al. 2020. Optimizing the deployment of ultra-low
volume and targeted indoor residual spraying for dengue out-
break response. PLoS Comput Biol. 16:e1007743.

Hladish TJ, et al. 2018. Forecasting the effectiveness of indoor residual
spraying for reducing dengue burden. PLoS Negl Trop Dis. 12:e0006570.
Hladish TJ, et al. 2020. Designing effective control of dengue with
combined interventions. Proc Natl Acad Sci U S A. 117:3319-3325.
Wood S. 2017. Generalized additive models: an introduction with R. 2
ed. Boca Raton (FL): Chapman and Hall/CRC.


https://doi.org/10.1101/2020.08.23.20178236
https://doi.org/10.1101/2020.08.23.20178236

	Inapparent infections shape the transmission heterogeneity of dengue
	Introduction
	Results
	Discussion
	Methods
	Study design
	Human subjects approvals
	Data analysis

	Acknowledgments
	Supplementary material
	Funding
	Copyright statement
	Distribution statement
	Disclaimer
	References




