Clinical Infectious Diseases

MAJOR ARTICLE

I IDSA

Infectious Diseases Society of America hiv medicine association

Differences in Transmission and Disease Severity Between
2 Successive Waves of Chikungunya

Aubree Gordon,"” Lionel Gresh, Sergio Ojeda,” Gerardo Chowell,® Karla Gonzalez,* Nery Sanchez,? Saira Saborio,2* Juan Carlos Mercado,>*
Guillermina Kuan,”® Angel Balmaseda,?* and Eva Harris®*
'Department of Epidemiology, School of Public Health, University of Michigan, Ann Arbor; “Sustainable Sciences Institute, Managua, Nicaragua; *Georgia State University, Atlanta; “Laboratorio

Nacional de Virologia, Centro Nacional de Diagnéstico y Referencia, and ®Centro de Salud Sécrates Flores Vivas, Ministerio de Salud, Managua, Nicaragua; and ®Division of Infectious Diseases
and Vaccinology, School of Public Health, University of California, Berkeley

Background. Chikungunya, an arboviral disease, caused massive epidemics in Central and South America in 2014-2016. In a
prospective pediatric cohort study, we examined the introduction of chikungunya in a naive population and investigated transmis-
sion and clinical characteristics.

Methods. Children presenting to the study health center with a chikungunya-like illness or undifferentiated fever were tested
for chikungunya virus (CHIKV) infection by reverse transcriptase-polymerase chain reaction (RT-PCR) and serological assays.
Inapparent CHIKV infections in the intervening year were determined by seroconversion in healthy blood samples collected annually.

Results. A total of 4353 children participated in the cohort study from March 2014 to February 2016 during the 2 epidemic waves
of chikungunya. A total of 539 cases of chikungunya were documented, for an incidence rate of 80.2 cases per 1000 person-years
(95% confidence interval [CI]: 73.7, 87.2); and a total of 893 CHIKV infections were documented, for an incidence rate of 137.1
infections per 1000 person-years (95% CI: 128.4, 146.4). The seroprevalence of anti-CHIKV antibodies increased linearly with age,
with seroprevalence of >45% in 14-year-old children at the end of Epidemic 2. Symptom presentation varied between the epidemics,
with Epidemic 2 exhibiting both a higher symptomatic-to-inapparent ratio (1:1.20 in Epidemic 1 vs. 1:0.65 in Epidemic 2) and more

severe clinical presentation among cases. The mean reproduction number was also greater in Epidemic 2 than in Epidemic 1.

Conclusions.
transmission intensity associated with greater disease severity.
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Chikungunya is an arboviral disease whose primary vectors are
Aedes aegypti and Aedes albopictus, the same mosquitoes that
transmit the dengue (DENV) and Zika viruses. In late 2013, chi-
kungunya virus (CHIKV) was introduced into the Caribbean
and rapidly spread throughout the region into Central and
South America, causing massive epidemics [1]. In Nicaragua,
imported cases were reported starting in July 2014, followed by
detection of autochthonous transmission in September 2014 [2].
The country then experienced 2 epidemic waves, one in each year:
September 2014-February 2015 and July 2015-February 2016.
The rapid spread of CHIKV throughout the region in popula-
tions that were previously naive presented a unique opportunity
to study the disease and transmission characteristics. A number of
studies have reported the introduction of chikungunya into naive,
or presumed naive, populations, with many studies reporting high
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attack rates or seropositivity in single or multiple epidemic waves
[3-5]. There are 3 main genotypes of CHIKV existing: Asian,
East/Central/South African (ECSA), and West African [6, 7]. The
2013-2015 epidemic in the Americas was due primarily to the
introduction of the Asian lineage of CHIKYV, although there were
a few reports of ECSA genotype viruses in Brazil [8-11].

Chikungunya is an acute disease characterized by high fever,
arthralgia, rash, headache, and myalgia. Although chikungunya
is not typically life-threatening, it does cause chronic joint
pain that may last for weeks to years after the acute symptoms
resolve [12]. Chikungunya has a relatively low rate of asymp-
tomatic or pauci-symptomatic infections, with reports varying
from 4-28% of infections [13-16]. Fewer data are available on
chikungunya in children, but those data indicate that children
typically have milder disease symptoms [17] and higher rates of
asymptomatic infection than adults [13, 18]. However, atypical,
severe manifestations do occur, predominately in those under
2 years of age and in perinatal infections [19-24].

Established in 2004, the Pediatric Dengue Cohort Study (PDCS)
is an ongoing prospective community-based study of DENV infec-
tion in children aged 2 to 14 years in Managua, Nicaragua. The
cohort was extended to include chikungunya in 2014 [25]. Here we
report on the 2 epidemic waves of chikungunya in the PDCS and
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investigate differences between the 2 epidemic seasons following
the virgin-soil introduction of CHIKV into Nicaragua.

MATERIALS AND METHODS

Ethics Statement

This study was approved by the Institutional Review Boards at
the University of California, Berkeley; the Nicaraguan Ministry of
Health; and the University of Michigan. For each participant, writ-
ten consent was obtained from a parent or guardian; additionally,
verbal assent was obtained from children aged 6 years and older.

Study Population and Follow-up

The PDCS is an ongoing prospective cohort study of children 2
to 14 years of age in Managua, Nicaragua. A detailed description
of the study design, methods, and population has been published
previously [26]. Briefly, the cohort consists of ~3700 active partic-
ipants who reside in the catchment area of the study health center,
the Health Center Socrates Flores Vivas (HCSFV). Throughout
the year, children are enrolled when they reach 2 years of age
and are withdrawn when they reach the age of 15. At enrollment,
families agree to bring their children to the HCSFV at the first
sign of illness, where they are provided with free medical care
through study physicians. Data on approximately 80 variables are
recorded systematically at each visit. This analysis uses data col-
lected between 1 March 2014 and 29 February 2016. During this
period, annual blood samples were collected in March and April
0f2014, 2015, and 2016. In addition, for a subset of new enrollees,
annual samples taken prior to enrollment were available from an

ongoing, overlapping influenza cohort study [27].

Clinical and Laboratory Definitions

Suspected chikungunya cases were defined as those that pre-
sented with either (1) undifferentiated fever (ie, fever without
a defined focus), or (2) fever or feverishness and >2 of the fol-
lowing: headache, muscle ache, joint pain, retro-orbital pain,
rash, hemorrhagic manifestations, or leucopenia [28, 29].
Acute (1-5 days post-onset of symptoms) and convalescent
(14-21 days) blood samples were collected from participants
meeting either of these conditions.

Suspected cases were considered laboratory-confirmed acute
chikungunya cases if (1) the acute sample tested positive for
CHIKV by real-time RT-PCR [30, 31], (2) seroconversion was
detected by immunoglobulin M enzyme-linked immunosor-
bent assay (IgM ELISA) [32] in paired acute and convalescent
samples, or (3) seroconversion or a 24-fold increase in titers
was detected by Inhibition ELISA [32, 33] in paired samples.

Participants whose paired annual samples demonstrated
seroconversion by CHIKV Inhibition ELISA [32, 33], but who
were not documented as an acute chikungunya case during the
intervening year were considered to have experienced an inap-
parent CHIKV infection. To our knowledge, no other alphavi-
ruses circulated in the cohort during the study period.

Analysis
Follow-up time was calculated as the amount of time between the
start of the study period or enrollment and the end of the study
or study withdrawal. For those lost to follow-up, person-years
were calculated as the time between enrollment and the last con-
tact with study personnel, plus one-half the time between the last
contact and the date recorded as lost to follow-up. Chikungunya
cases and CHIKV infections were excluded from contributing
person-time following illness or infection, respectively. Analyses
of CHIKYV infections was limited to participants who contributed
a blood sample at the beginning and end of the study year (i.e.,
March-April of 2014-2015 and/or March-April of 2015-2016).
Since the exact timing of CHIKV infection could not always be
ascertained, persons who experienced a CHIKV infection in a
given year contributed person-time for that entire year. A Poisson
distribution was used to calculate 95% confidence intervals (CIs)
for the incidence rates. For case incidence analyses, participant age
was defined on a weekly basis. For infection analyses, participant
age was defined as the age at the start of the annual sample collec-
tion. The subset of children with serum samples obtained through
the influenza cohort were not under surveillance for symptomatic
CHIKY infection prior to their enrollment in the PDCS, and thus
were excluded from analyses of cases among infections for peri-
ods that did not have paired serum samples obtained through
the PDCS. Environmental data was obtained from the Managua
Airport Weather Station (USAF-WBAN:787410). Population
density was calculated by dividing the total population per neigh-
borhood by the area. Neighborhood population estimates were
obtained from the Ministry of Health. Wilcoxon ranksum tests
were used to examine differences in neighborhood population
density of cases and infections by year. Statistical analyses were per-
formed in STATA, version 12 (StataCorp LP, College Station, TX).
Temporal changes in the transmission potential of infectious
diseases are monitored via the effective reproduction number, R,
which is defined as the average number of secondary cases per
primary case at calendar time ¢ [34]. Here, we estimated R,
during the early phases of the 2 epidemics of chikungunya using
the Generalized-Growth Model (GGM) [35], which character-
izes the epidemic growth via 2 parameters: the growth rate (r)
and the scaling of growth parameter (p) [36]. The GGM is flexible
and can reproduce a range of growth dynamics, from constant
incidence (p = 0) to exponential growth (p = 1) [35]. Based on the
incidence at calendar time £, , denoted by I; , and the discretized
probability distribution of the generation interval, denoted by #; ,
R, can be estimated using the renewal equation [34]

— Ii
2 L,
=0

The denominator represents the total number of cases that

R,

i

contribute (as primary cases) to generating the number of new
cases I; (as secondary cases) at calendar time ¢, [34].
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Table 1. Participant Characteristics by Year, Managua, Nicaragua,

2014-2016
2014-2015 2015-2016
(n =3837) (n = 3856)
By sex
Female 1929 (50.3) 1929 (50.0)
Male 1908 (49.7) 1927 (50.0)
By age (years)
2-5 1355 (35.3) 1419 (36.8)
6-8 866 (22.6) 894 (23.2)
9-14 1616 (42.1) 1543 (40.0)
RESULTS

From 1 March 2014 through 29 February 2016, 4353 children
participated in the PDCS. Sex and age distributions were similar
in both years (Table 1). A total of 2327 children participated for
the entire study period. During this period, 2026 children entered
or left the cohort: 1098 children were newly enrolled, 543 aged
out of the cohort, 303 were withdrawn or lost to follow-up, and
82 both enrolled and were withdrawn or lost to follow-up. Blood
samples collected in March and April 2014 from all cohort par-
ticipants were negative for CHIKV antibodies, indicating that the
entire population was CHIKV-naive at that time [33].

Incidence of Chikungunya Disease

During 2014-2015, CHIKV was introduced into the study pop-
ulation [25, 33]. The first epidemic wave (95 cases) was followed
by a second, larger wave in 2015-2016 (444 cases; Figure 1).
In 2014-2015, all cases were confirmed by RT-PCR, while in
2015-2016, 438 cases (98.6%) were confirmed by RT-PCR and
the rest by serology. The overall incidence of chikungunya dis-
ease in the cohort was 81.6 cases per 1000 person-years (95%
CI: 75.0, 88.8; Epidemics 1 and 2), with 27.3 cases per 1000 per-
son-years (95% CI: 22.2, 33.3) in 2014-2015 (Epidemic 1) and

142.2 cases per 1000 person-years (95% CI: 129.6, 156.1) in
2015-2016 (Epidemic 2). Incidence of chikungunya disease was
significantly associated with age (Figure 2A and Supplementary
Table 1).

Incidence of Chikungunya Virus Infections and Seroprevalence

Of the 4353 children who participated in the cohort, 1040 pro-
vided 1 pair of annual serum samples and 2783 provided 2 pairs,
including those obtained through the influenza cohort study,
representing 6513 person-years. In total, there were 893 CHIKV
infections, yielding an overall incidence of 137.4 CHIKV infec-
tions per 1000 person-years (95% CI: 128.7, 146.7). Similar to
the case incidence, the incidence of infection was significantly
higher in Epidemic 2, at 218.1 infections per 1000 person-years
(95% CI: 202.4, 235.0), compared to Epidemic 1, at 61.1 infec-
tions per 1000 person-years (95% CI: 53.2, 70.0). The incidence
of infection increased significantly with age, with children in
the youngest age group having one-half the infection rate of
children in the oldest age group (Figure 2B and Supplementary
Table 2). However, the relationship between infection and
age differed in the 2 epidemics. In Epidemic 1, the incidence
of infection increased in a step fashion at age 9, whereas in
Epidemic 2, there was a linear relationship between age and
infection incidence (R*= 0.94).

At the end of Epidemic 2, overall seroprevalence of
anti-CHIKV antibodies was 24.9% (95% CI: 23.5, 26.4).
Seroprevalence increased with age in a linear fashion (Figure 3).
Thus, the highest seroprevalence was seen in 14-year-old chil-
dren (45.6% [95% CI:38.9, 52.5]) and the lowest in 2-year-old
children (9.0% [95% CI: 6.1, 13.0]).

Symptomatic Cases among Infections
The rate of symptomatic cases among CHIKV infections
was 57.1 cases per 100 infections (95% CI: 52.2, 62.4) for a
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Figure 1.

Incidence of chikungunya cases in the cohort by study year and month, March 2014—February 2016.
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Figure 2. Age effect on case incidence, infection incidence, and the number of symptomatic cases per infection.

symptomatic-to-inapparent ratio (S:I ratio) of 1:0.75 (Table
2). The number of chikungunya cases per infection was lower
in Epidemic 1, at 45.4 cases per 100 infections (95% CI: 37.0,
55.9), than in Epidemic 2, at 60.6 cases per 100 infections (95%
CL: 54.9, 66.9), although the confidence intervals overlapped
slightly. Accordingly, the S:I ratio was 1:1.20 in Epidemic 1 and
1:0.65 in Epidemic 2. In a multivariable logistic model, infected
children in Epidemic 2 had 1.86 (95% CI: 1.35, 2.57) times the
odds of being symptomatic compared to children experiencing
an infection in Epidemic 1, when adjusted for age and sex.

Severity of Epidemic Waves

To further characterize the differences between the 2 epidemics,
the severity of cases was examined. As this is a community-based
study with few cases of severe chikungunya, the presence of

several systemic symptoms as markers of severity was investi-
gated. In multivariable models, the odds of arthralgia in chikun-
gunya cases in Epidemic 2 was 2.05 (95% CI: 1.12, 3.74) times the
odds in chikungunya cases during Epidemic 1, when adjusted for
age, sex, and day of presentation (Table 3). Similarly, the adjusted
odds of myalgia in chikungunya cases in Epidemic 2 was 2.16
times the odds in chikungunya cases during Epidemic 1. A sever-
ity score was constructed by summing the presence of arthral-
gia, myalgia, measured fever >38°C, and headache. The mean
symptom score in Epidemic 1 was 2.64 (standard deviation [SD]
1.19), compared to 2.95 (SD 1.11) in Epidemic 2 (P = .016). In an
ordinal logistic regression, in Epidemic 2 the odds of a symptom
score of 4 versus a lower symptom score was 1.96 (95% CI: 1.30,
2.94) times greater than in Epidemic 1, with age, sex, and day of
presentation held constant. There was no significant difference in
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Table 2. Number of Chikungunya Cases per 100 Chikungunya Virus

Infections
All Years Epidemic 1 Epidemic 2
(2014-2016) (2014-2015) (2015-2016)
Overall 571 (52.2, 62.4) 45.5 (370, 565.9) 60.6 (54.9, 66.9)
By sex
Female 55.5 (48.8, 63.1) 42.6 (31.2, 58.0) 59.2 (51.4, 68.2)
Male 58.6 (51.8, 66.4) 48.1 (36.4, 63.4) 62.1 (54.0, 71.3)
By age
2-5 515 (42.5, 62.4) 31.4(19.2, 51.2) 58.3 (472, 71.8)
6-8 58.5 (48.9, 70.0) 45.7 (28.0, 74.6) 61.2 (50.5, 74.1)
9-14 58.9 (52.2, 66.6) 51.8 (40.0, 67.0) 61.4 (53.5, 70.6)

day of presentation of cases between Epidemic 1 (1.71 days, SD
0.74) and Epidemic 2 (1.68, SD 0.83; P = .66).

Early Epidemic Growth Profiles and Reproduction Numbers

Using the early growth phases (determined by the number of
new weekly cases), we estimated the scaling of growth parame-
ter at 0.85 (95% CI: 0.56, 1.0) for Epidemic 1 and 0.95 (95% CI:
0.79, 1.0) for Epidemic 2. For both epidemic waves, the uncer-
tainty surrounding the early growth trajectory includes the pos-
sibility of exponential growth dynamics (ie, p = 1). Based on
the generalized-growth method, we estimated the reproduction
number for Epidemic 1 in the range of 1.2-2.1 and for Epidemic
2 in the range of 1.6-3.5, considering a mean generation inter-
val in the range of 1.5-2.0 weeks (Table 4).

Environmental and Vector Factors

The mean daily temperature in the 3 weeks preceding and the
weeks during the epidemic growth periods was 26.9°C (95% CI:
26.7, 27.0) in Epidemic 1 and 28.2°C (95% CI: 28.2, 28.6) in
Epidemic 2. Likewise, the maximum temperature in Epidemic 2
was greater than that in Epidemic 1 (33.5°C [95% CI: 33.3, 33.8]

vs. 31.4°C [95% CI: 31.1, 31.7]) and the minimum temperature
was higher in Epidemic 2 than in Epidemic 1 (24.7°C [95% CI:
24.6, 24.8] vs. 23.3°C [95% CI: 23.0, 23.6]). Intensive vector
control activities began in early 2014 and continued through-
out the epidemic and inter-epidemic periods. In Ministry of
Health larval surveys in the study area, the Breteau index (the
number of positive containers per 100 houses sampled) was 4.6
in Epidemic 1 and 1.0 in Epidemic 2. Neighborhood popula-
tion density around cases and infections did not differ between
Epidemics 1 and 2 (P = .62 and P = .38, respectively).

DISCUSSION

In this study, we examined the characteristics of 2 successive
epidemic waves of chikungunya during the introduction of
the disease into Nicaragua. We found that over the 2 epidemic
waves, 24.9% of children were infected with CHIKV. Of those
infected, more than half were detected as a symptomatic case.
Epidemic 2 was both stronger, as evidenced by a higher infec-
tion rate and higher reproductive number, and more severe, as
evidenced by a higher proportion of symptomatic infections
and higher odds of systemic symptoms in cases.

A relationship between the force of infection and the pro-
portion of symptomatic infections has been observed in other
vector-borne infectious diseases, including dengue and malaria
[37, 38]. In a cohort of Thai schoolchildren, a higher incidence
of DENV infection was strongly associated with a higher pro-
portion of symptomatic infections [38, 39]. In the PDCS and
in another cohort study in Vietnam, this relationship was also
observed, although the association was weaker than in the
Thailand studies [40, 41]. In relation to dengue, it has been pos-
tulated that this may be due to the pre-existing antibody titers
in the population [38]. In areas with an extremely high force
of infection, incidence of clinical malaria has been limited to
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Figure 3.  Seroprevalence of anti-chikungunya virus antibodies by age in the cohort in 2016.
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Table 3. Distribution and Odds Ratios for Symptoms of Chikungunya by Epidemic Wave

Crude Odds Ratio Adjusted Odds Ratio?

Epidemic 1 n (%) Epidemic 2 n (%) P Value (95% CI) (95% CI)
Arthralgia 77 (80.2) 384 (86.7) 0.102 1.61(0.91, 2.85) 2.05 (1.12, 3.74)
Fever (>38°C) 72 (75.0) 356 (80.4) 0.239 1.36 (0.81, 2.29) 1.34 (0.77, 2.32)
Headache 70 (72.9) 340 (76.8) 0.425 1.23(0.74, 2.02) 159 (0.94, 2.71)
Myalgia 35 (36.5) 227 (51.2) 0.009 1.83 (1.16, 2.89) 2.16 (1.34, 3.47)
Symptom score (mean) 2.64 2.95 0.016 1.65 (1.11, 2.46) 1.96 (1.30, 2.94)

Statistically significant variables are presented in boldface font.
Abbreviation: Cl, confidence interval.

“Models adjusted for age, sex, and days between illness onset and first medical visit. Logi

stic regression used for individual symptoms and ordinal logistic regression for symptom score.

the transmission periods, despite the fact that children exhibit
parasitemia year-round. Thus, clinical disease is likely caused by
new infections or superinfections, so a higher-force infection is
thought to lead to multiple exposures, thereby increasing the
likelihood of clinical disease. Also, the probability of a mosquito
transmitting Plasmodium shows a clear dose-response relation-
ship with parasite density in the mosquito salivary gland, and
the time to infection is shorter as the dose increases [42].

A possible explanation for the difference in the S:I ratios
between the 2 epidemics observed in our study is that the force
of infection may be related to the exposure dose. In experimen-
tal infections of humans with DENV, while a high dose resulted
in typical symptomatic infection in all volunteers, a lower expo-
sure dose resulted in inapparent or less symptomatic infection
in half of the volunteers [43]. Thus, in the second Nicaraguan
chikungunya epidemic, where both the overall incidence and
the effective reproductive number were higher, it is possible that
mosquitoes delivered a higher exposure dose. Temperature has
been shown to affect vector competence of Ae. aegypti mosqui-
toes for transmitting both CHIKV and DENV [44, 45]. While
it is possible that the pathogenicity of the circulating CHIKV
strains differed between the 2 epidemics, preliminary whole
genome sequence analyses do not indicate that there were
significant phylogenetic differences between viruses in the 2
epidemics.

In Epidemic 2, there was a linear increase in infection
incidence with age. While this pattern is typically due to
accumulated risk throughout a lifetime, in this case, since all
participants were over the age of 2 and the epidemic occurred
over a 2-year period, the risk must instead be due to other

factors associated with age. The relationship between age
and risk might be, at least in part, due to mosquito biting
preferences. It has previously been shown that a larger body
size attracts more mosquitoes, possibly due to exhaling more
CO, [46-48]. It is also possible that mobility, which increases
with age, could affect the risk of exposure to CHIKV-positive
mosquitoes in urban Managua. Further, there was a large
proportion of children that were asymptomatic, and the role
of asymptomatic infections in transmission remains to be
elucidated.

Here, we estimate the mean reproductive number to range
from 1.2 to 2.1 in Epidemic 1 and 1.6 to 3.5 in Epidemic 2. Our
estimates of the reproduction number are sensitive to the length
of the generation interval and are in broad agreement with pre-
viously reported estimates for the Caribbean (~ 1.8-4) [49, 50].

Limitations of this study include that it is restricted to one
location and to a pediatric population aged 2 years and older.
However, our data are in concordance with what was seen at a
national level [51]. Given that seroprevalence rates were greater
in the adult population than in the pediatric cohort population
following Epidemic 1 and that adults tend to be more symptom-
atic, our estimates of the reproductive number are likely conser-
vative [17, 33]. In addition, the CHIKV ELISA could potentially
be cross-reactive with other alphaviruses, leading to misclas-
sification of other alphaviral infections as CHIKV infections.
However, ELISA results showing that all children were CHIKV-
naive in the 2014 blood sample suggest that no cross-reactive
alphaviruses were endemic in the population, and there were no
reports of introduction of other alphaviruses during the study
period.

Table 4. Effective Reproduction Number During the Early Growth Phases of Chikungunya Epidemics 1 and 2

Epidemic 1

Epidemic 2

1.5-wk Generation Interval

2-wk Generation Interval

1.5-wk Generation Interval 2-wk Generation Interval

Reproduction number 1.5 (1.2, 1.7)
Growth rate, r 0.08 (0.05, 0.13)
Scaling of growth parameter, p 0.85 (0.56, 1)

1.7 (1.2, 2.1)

2.2(1.6,2.5) 3.0(2.0,3.5)
0.11 (0.09, 0.15)

0.95(0.79, 1)

Values shown are mean estimates (95% confidence intervals). We assumed a generation interval that follows a gamma distribution with a mean of 1.5 weeks or 2 weeks and variance of

(6/7)%.
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In summary, we found large differences in both the inci-
dence of infection and the severity of disease manifestation in 2
sequential epidemics of chikungunya in children. We hypothe-
size that the force of infection and the clinical presentation may
be related to the exposure dose. However, additional investiga-
tion is required to further investigate the potential relationship
between force of infection and exposure dose in mosqui-
to-borne diseases.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding author.
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