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Background. Human cases of Madariaga virus (MADYV) infection were first detected during an outbreak in 2010 in eastern
Panama, where Venezuelan equine encephalitis virus (VEEV) also circulates. Little is known about the long-term consequences of
either alphavirus infection.

Methods. A follow-up study of the 2010 outbreak was undertaken in 2015. An additional survey was carried out 2 weeks after a
separate 2017 alphavirus outbreak in a neighboring population in eastern Panama. Serological studies and statistical analyses were
undertaken in both populations.

Results. Among the originally alphavirus-seronegative participants (n = 35 of 65), seroconversion was observed at a rate of
14.3% (95% CI, 4.8%-30.3%) for MADV and 8.6% (95% CI, 1.8%-23.1%) for VEEV over 5 years. Among the originally MADV-
seropositive participants (n = 14 of 65), VEEV seroconversion occurred in 35.7% (95% CI, 12.8%-64.9%). In the VEEV-seropositive
participants (n = 16 of 65), MADV seroconversion occurred in 6.3% (95% CI, 0.2%-30.2%). MADV seroreversion was observed
in 14.3% (95% CI, 1.8%-42.8%) of those who were originally seropositive in 2010. VEEV seroconversion in the baseline MADV-
seropositive participants was significantly higher than in alphavirus-negative participants. In the population sampled in 2017,
MADYV and VEEV seroprevalence was 13.2% and 16.8%, respectively. Memory loss, insomnia, irritability, and seizures were reported
significantly more frequently in alphavirus-seropositive participants than in seronegative participants.

Conclusions. High rates of seroconversion to MADV and VEEV over 5 years suggest frequent circulation of both viruses in
Panama. Enhanced susceptibility to VEEV infection may be conferred by MADV infection. We provide evidence of persistent

neurologic symptoms up to 5 years following MADV and VEEV exposure.
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Madariaga (MADV; formerly known as South American
eastern equine encephalitis) and Venezuelan equine encepha-
litis viruses (VEEV) are single-stranded RNA arthropod-borne
zoonotic viruses (Togaviridae: Alphavirus), with circulation
throughout much of the Americas [1]. Enzootic subtypes
of the VEE antigenic complex are associated with human
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endemic, and sometimes fatal, infections in the Americas
[2]. Human infections with these subtypes occur via spillover
from enzootic cycles that involve sylvatic rodents and mos-
quitoes of the subgenus Culex (Melanoconion). VEEV epizo-
otic/epidemic subtypes (IAB, IC) are associated with large and
explosive equine-amplified epidemics in South America, and
the available evidence suggests that epizootic strains evolve
from enzootic ancestors via mosquito- or equine-adaptive
mutations [3]. In Panama, enzootic/endemic VEEV subtype
ID infection is highly prevalent in the easternmost province of
Darien, resulting in up to 75% seroprevalence in some villages
[4]. In this setting, MADV first emerged in the human popu-
lation in 2010 in the eastern province of Darien, Panama [5].
Enzootic VEEV (subtype ID) was simultaneously circulating
in the same area, causing significant neurologic morbidity and
mortality [5].
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Clinically, most human VEEV infections are sympto-
matic with dengue or influenza-like illness [6]. VEEV is
underdiagnosed in Latin America, where it has been estimated
that 0.1%-7% of dengue cases are in fact VEEV infections [2].
In the Americas, 30-50 million dengue infections were esti-
mated to have occurred in 2010 [7]. By extension, then, VEEV
could account for 300 000 to 3.5 million cases per year. Around
15% of VEEV cases develop neurologic disease, of which 1% are
fatal [2]. VEEV infection manifests most frequently as a self-
limited febrile illness, with a smaller portion of cases involving
encephalitis, seizures, spontaneous abortions, and gastrointes-
tinal hemorrhage [2, 8-10].

In contrast to VEEV, only 3 human cases of MADV were
identified in the Americas before the 2010 outbreak in Panama,
despite extensive research and epidemiologic surveillance in
enzootic areas [11-13]. Mosquito vectors of MADV are also
members of the subgenus Culex (Melanoconion). However, the
main reservoir in Latin America is still unknown [14]. We pre-
viously reported on the acute clinical presentation, which in-
cluded a nonspecific febrile illness, meningoencephalitis, and
encephalitis usually accompanied by seizures, hemiparesis, and
psychomotor retardation [5]. The severe symptoms were prima-
rily seen in children.

As MADV is an emerging virus in Latin America, its long-
term sequelae remain unknown. Our literature search revealed
little information about long-term neurologic sequelae of enzo-
otic VEEV infections. Following an outbreak in Texas in 1971,
Bowen et al. (1976) described signs and symptoms in 86 pa-
tients hospitalized with VEEV [6]. None of the affected children
reported any sequelae, but 7 of 9 adults examined 9 months
later complained of fatigue.

The objective of this study was to estimate seroconversion
rates and clinical consequences of MADV and VEEV infec-
tions by following up on probable and confirmed cases and
their household contacts identified during the 2010 outbreak.
We also examine the neurological symptoms of a neighboring
population according to alphavirus exposure status. This is the
first report, to our knowledge, of the long-term neurological
symptoms following MADYV, and only the second such report
for VEEV.

METHODS

This study was undertaken in the easternmost province of
Darien, Panama, which borders Colombia. Alphaviral en-
cephalitis outbreaks were reported in Darien in 2010 [5] and
2017 [15]. A follow-up study of patients (suspected, probable,
or confirmed) from the 2010 outbreak and their household
contacts was undertaken in 2015. Detailed information on the
2010-2015 cohorts is provided in Tables 1 and 2. An addi-
tional population survey was undertaken in 2017 in Mogue, a
community in Darien that was not included in the passive sur-
veillance efforts of 2010. Samples were processed at Panama’s

Table 1. Characteristics of the Study Populations in the 2010 Outhreak
Cohort Studied in 2015 (n = 65) and the Mogue Study in 2017 (n = 243)

Characteristic 2015, No. (%) 2017, No. (%)
Sex
Male 37 (56.9) 120 (49.4)
Female 28 (43.1) 123 (50.6)
Age (tercile), y
1-17 24 (36.9) 129 (63.1)
19-43 19 (29.2) 64 (26.3)
45-90 22 (33.9) 50 (20.6)
Occupation
Professional 3(4.6) 8(3.3)
Technician 1(1.5) 1(0.4)
Construction worker 2 (3.1) 0(0.0)
Housewife 15 (23.1) 56 (23.1)
Student 15 (23.1) 93 (38.4)
Rancher 13 (20.0) 48 (19.8)
Farmer 11 (16.9) 48 (19.8)
Preschool-aged child 1(1.5) 24 (9.9)
Other 12 (18.5) 8(3.3)

reference laboratory, the Gorgas Memorial Institute, located
in Panama City.

Human Survey and Clinical Evaluation in 2015

Participants were located using records from 2010. Upon
obtaining written consent, each participant was interviewed
and examined by a physician using a demographic and focused
medical history questionnaire. The presence or absence of neu-
rological symptoms within the preceding 2 weeks was noted.
Blood samples were obtained by peripheral venipuncture.
Serum samples were placed in cryogenic tubes for storage in
liquid nitrogen and then transported to the Gorgas Memorial
Institute for analysis.

Human Survey and Clinical Evaluation in 2017

The survey was carried out from July 18 to 22, 2017, 3 weeks
after confirmation of a fatal MADV case on June 30, 2017.
A cross-sectional outbreak investigation was undertaken, and
blood sampling and epidemiological surveys were carried out
including demographic characteristics, potential risk factors,

Table 2. MADV and VEEV Seroprevalence by Survey Year as Determined
by Plaque Reduction Neutralization Tests

Alphavirus

Seroneg- MADV Seroposi- VEEV Seropos-  Dual Infec-
Year ative, No. (%) tive, No. (%) itive, No. (%)  tion, No. (%)
2010 35 (563.8) 14 (21.5) 16 (24.6) 0
(n = 65)
2015 29° (44.6) 18°(27.7) 24 (36.9) 6(9.2)
(n=65)

Abbreviations: MADV, Madariaga virus; VEEV, Venezuelan equine encephalitis virus.
“There were 28 alphavirus-seronegative participants, but 1 MADV seroreversion rendered
that individual also seronegative. The other individual with MADV seroreversion became
VEEV positive in 2015.
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and clinical information. The presence or absence of neurolog-
ical symptoms within the preceding 2 weeks was evaluated and
recorded by a physician. Detailed information on surveys, labo-
ratory testing, risk factors, and serologic results have been pre-
viously described [15]. The purpose of this 2017 survey was to
describe alphaviral epidemiology and neurological sequelae in
a community in which a fatal MADV case was confirmed. The
epidemiological results are reported separately [15]. We include
the 2017 neurological symptom survey here to validate the find-
ings from our 2010 cohort.

Patient Consent Statement

An outbreak investigation in 2017 was undertaken during
a public health outbreak response, and ethical approval for
alphavirus and encephalitis surveillance and investigation was
obtained from the Gorgas Memorial Institute Committee (IRB,
CBI/ICGES/2015 and CIB/ICGES/2018). Study participation
was voluntary, and written informed consent was obtained from
adults (18 years of age and older) and from parents or guard-
ians of children aged 2 to 17 years. In addition, verbal assent
was obtained from children aged 7 to 12 years, and written in-
formed consent was obtained from children aged 13 to 17 years.

Laboratory

Samples were also tested in duplicate for IgM and IgG anti-
bodies against MADV and VEEV using enzyme-linked im-
munosorbent assays (ELISAs) for recent and past antibody
response detection [16]. All samples were also run using virus-
specific plaque-reduction neutralization tests (PRNTs). For
the PRNT, a positive sample was reported as the reciprocal
of the highest dilution that reduced plaque counts by >80%
(PRNT,). ELISA antigens were prepared from eastern equine
encephalitis virus (EEEV) using the sucrose-acetone technique
(prepared by Dr. Robert Shope at the Yale Arbovirus Research
Unit in August 1989) and VEE complex strain 78V-3531 from
infected mouse brain. Strains used for the PRNT were the chi-
meric SINV/MADV [17], MADV wild-type strain PA2010-
247168 (UTMB/WRCEVA), and TC83, an attenuated vaccine
strain of VEEV closely related to the subtype ID strains that
circulate in Panama [18].

Case Definition

We deemed IgM-positive samples to represent infection within
12 months. While there are no studies to our knowledge on
the persistence of alphavirus IgM, dengue IgM wanes for most
people by 1 year [19]. Samples positive for IgM and negative
for IgG were classified as recent infection (within 2 weeks).
Samples positive for IgG alone indicated past exposure. Due
to substantial cross-reactivity between MADV and VEEV by
ELISA, virus-specific infection was determined by PRNT,
(a titer of >1:20 was determined to be positive). In the event
that PRNTSs for both viruses were positive, we deemed a 4-fold

difference in titers to discriminate between the causative virus
vs cross-reactivity. If less than a 4-fold difference was present,
we classified this as exposure to both viruses.

Statistical Analysis

Seroconversion rates for both viruses were calculated for each
alphaviral exposure group from the 2010 cohort and reported
with exact binomial 95% confidence intervals. The probability
of seroconversion by alphaviral exposure group was determined
by calculating risk ratios with Fisher exact P values given the
small sample sizes. To determine whether neurological sequelae
were reported at higher frequencies in the alphavirus-exposed
group, we conducted a univariate logistic regression analysis,
followed by a multivariable logistic regression controlling for
sex and age. The outcome variable, alphaviral exposure, was
defined as having been exposed to MADV, VEEYV, or both vir-
uses using the laboratory criteria described above. P values with
alpha <.05 were considered significant. All analyses were under-
taken using the statistical package Stata, version 14 (StataCorp,
College Station, TX, USA).

RESULTS

Characteristics of the Population

During the original 2010 outbreak, 190 cases with febrile or
neuroinvasive disease and 72 household contacts were in-
cluded. In the 2015 follow-up study, 165 of these participants
were excluded due to incomplete baseline information, and
an additional 32 cases could not be located. A total of 65 cases
were ultimately included in the 2015 follow-up serosurvey
(Supplementary Figure 1). Characteristics of the 2015 and
Mogue 2017 study populations are described in Table 1. There
was a slight preponderance of men compared with women in
the 2015 follow-up study, with an even age distribution. The
most frequent occupational categories included housewife,
student, and farmer. In contrast, the Mogue 2017 population
was more heavily weighted toward younger participants (53.1%
younger than 17 years), with a correspondingly higher rate of
students.

Alphavirus Epidemiological and Serological Profiles

At baseline in 2010, 14 (21.5%) of the 65 participants were se-
ropositive for MADV only, 16 (24.6%) were seropositive for
VEEV only, and 0 were seropositive for both as determined by
PRNT (Table 3).

Between 2010 and 2015, MADV seroconversion occurred
in 6 participants. One of these participants was MADV IgM
positive (and IgG positive). VEEV seroconversion occurred in
8 participants. One of these participants was VEEV IgM pos-
itive (and IgG positive). Among the 35 participants who were
alphavirus-seronegative in 2010, seroconversion was observed
for MADV in 5 of 35 (14.3%; 95% CI, 4.8%-30.3%) and for
VEEV in 3 of 35 (8.6%; 95% CI, 1.8%-23.1%) by 2015 (Table 2).
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Table 3. Neutralizing Antibody Titers Measured in 2010 and 2015
Among the 6 Individuals Found to Have Antibodies to Both MADV and VEEV
in 2010

Neutralizing Antibodies

2010 2015

ID MADV VEEV MADV VEEV
37 1:20 1:640 <1:20 1:160
40 1:20 1:640 <1:20 1:320
44 <1:20 1:640 <1:20 1:80

44° 1:20 1:640

47 1:40 1:160 <1:20 1:80

49 1:80 1:640 <1:20 >1:640
54 1:20 1:640 <1:20 1:320
547 1:40 1:640

Abbreviations: MADV, Madariaga virus; VEEV, Venezuelan equine encephalitis virus.

“Second convalescent serum sample obtained ~15 days after onset of illness.

Among the 14 participants who were MADV-seropositive in
2010, seroconversion to VEEV was observed in 2015 in 5 of 14
(35.7%; 95% CI, 12.8%-64.9%). Only 1 of the 16 participants
who were VEEV-seropositive in 2010 seroconverted to MADV
by 2015 (6.3%; 95% CI, 0.2%-30.2%). Seroreversion (disap-
pearance of detectable antibodies) was observed for MADV in
2 of 14 participants (14.3%; 95% CI, 1.8%-42.8%). No VEEV
seroreversions were observed. The risk ratio for seroconver-
sion to MADV in VEEV-seropositive (in 2010) participants vs
previously MADV- and VEEV-seronegative subjects was 0.4
(95% CI, 0.1-3.4; Fisher exact P = .38). The risk ratio for sero-
conversion to VEEV in MADV-seropositive (in 2010) subjects
vs MADV- and VEEV-seronegative subjects was 4.2 (95% CI,
1.1-15.1; Fisher exact P = .03).

A total of 6 participants were found to have neutralizing anti-
bodies to both MADV and VEEV in 2010, though in each in-
stance titers were at least 4-fold greater against VEEV (Table 3).
Convalescent serum sample results (>15 days after symptom
onset) were obtained for 2 of these participants (ID 44 and
54) in 2010. These demonstrate a rise in MADV titer in rela-
tion to the acute samples. Each of these participants with low
MADV titers became MADV PRNT, —negative (>1:20) by
2015 (Table 3).

The mean age of MADV seroconverters was 42.0 years,
spanning a large range (10 to 75 years). Most were men (n = 4,
66.7%), and half were cattle ranchers (n = 3, 50.0%, compared
with 20.0% of the total sample). Cases were clustered around
the township Meteti, located on the Panamerican Highway
in the middle of Darien Province. The mean age of VEEV
seroconverters (range) was lower, at 14.1 (7-25) years. The cases
were evenly distributed between men and women. This group
consisted of mostly school-age children (n = 6, 75.0%) and did
not include any cattle ranchers or farmers. Three of the partici-
pants were also from the township of Meteti; others were scat-
tered throughout the province.

Seroprevalence in the Mogue Cross-Sectional Survey

A total of 243 individuals were surveyed in Mogue, Darien
Province, during 2017, with seroprevalence of 31/243 (12.8%)
for MADV and 42/243 (17.3%) for VEEV. The MADV-positive
participants had a mean age (range) of 35.3 (5-78) years and an
equal distribution of men (n = 16) and women (n = 15). Most
positive participants were housewives (n = 11, 35.5%), farmers
(n =9, 29%, and students (n = 9, 25.8%). The VEEV-positive
participants had a mean age (range) of 37.9 (2-97) years and
were mostly women (n = 26, 61.9%). The majority were house-
wives (n =19, 45.2%), followed by farmers (n = 12, 28.6%) and
students (n = 8, 19.1%).

Neurological Symptoms

Memory loss, dizziness, fatigue, difficulty concentrating, con-
fusion, depression, irritability, myalgia, insomnia, seizures,
and impairment in activities of daily living were more frequent
in participants exposed to VEEV and/or MADV (Table 4;
Supplementary Figure 2). We repeated this survey in a different
population in Darien, Panama, in 2017, with roughly similar
results (Table 4, right-hand columns). After adjusting for sex
and age, the association with prior alphaviral (MADV and/or
VEEV) exposure and seizures (OR, 14.5; 95% CI, 1.6-130.1), ir-
ritability (OR, 2.7; 95% CI, 1.1-6.3), insomnia (OR, 2.5; 95% CI,
1.3-5.0), and memory loss (OR, 1.9; 95% CI, 1.1-3.3) remained
statistically significant (Table 5).

DISCUSSION

We provide new clinical and epidemiological findings on human
infection with MADV and VEEV. Our seroconversion results
suggest that MADV has become endemic, with co-circulation
of VEEV in eastern Panama. Participants positive for MADV
in 2010 had higher rates of VEEV seroconversion than those
who were originally seronegative for alphaviruses. On the other
hand, participants with prior exposure to VEEV tended to sero-
convert to MADV at lower rates than those who were originally
alphavirus seronegative. These data suggest that MADV expo-
sure leads to enhanced susceptibility against VEEV, but not vice
versa. The mechanism underlying this enhanced susceptibility
to VEEV following MADYV exposure is unclear. Increased risk of
acquiring alphavirus sympatric infections may reflect their sim-
ilar enzootic habitat and overlapping epidemiological risk of ac-
quisition [5]. However, we have observed differences in MADV
and VEEV vector and host usage, as well as different geographic
distributions of disease [4, 15]. The seemingly increased sus-
ceptibility to VEEV conferred by prior exposure to MADV may
also be explained by immune interference. Alphavirus vaccine
studies have demonstrated that sequential vaccination with
eastern equine encephalitis (EEE) and western equine enceph-
alitis (WEE) vaccines before live-attenuated VEE vaccination
resulted in a diminished VEEV-neutralizing antibody response
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Frequency of Neurological Signs and Symptoms (%) Reported in 2 Study Populations in Darien, Panama

Table 4.

2017 Mogue Study (n = 243)

Original Outbreak Cohort (n = 65)

No Alphaviral Exposure

MADV & VEEV

VEEV
(n =33)

MADV

No Alphaviral Exposure

MADV & VEEV

VEEV
(n=17)

MADV

(n=9)

(n =28)

(n=13)

Symptoms
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Weakness

Seizures

Paralysis
Total

33

22

28

17

13

Exposure status reflects seropositivity measured in 2015 for the original outbreak cohort and seropositivity measured in 2017 for the Mogue study. Note participants whose MADV titers seroreverted in 2015 are classified as MADV positive.

Abbreviations: MADV, Madariaga virus; VEEV, Venezuelan equine encephalitis virus.

2One nonrespondent in this category yielded a denominator of 12.

[20, 21]. To our knowledge, this is the first epidemiological
study to demonstrate asymmetric human cross-immunity find-
ings, even though these viruses were identified almost a century
ago in the 1930s [2,14].

In contrast, VEEV infection appears to generate a robust
and durable immune response. Not only do titers remain
detectable 5 years after exposure, but the low rate of sero-
conversion to MADV during this period suggests the pres-
ence of cross-protective immunity. The alphaviral vaccine
literature provides ample evidence of in vivo examples of
cross-protection. For example, hamsters inoculated with an
attenuated strain of VEEV experienced a 37% reduction in
mortality when subsequently exposed to western equine en-
cephalitis virus (WEEV) and a 59% reduction in mortality
when inoculated with EEEV [22]. However, passive transfer
of neutralizing antibodies was not shown to confer protection
to heterologous viruses [13, 23]. Cross-protection may there-
fore be attributable to a cellular or humoral response medi-
ated by non-neutralizing antibodies [24].

Seroreversion was documented in 2 of the 14 2010 MADV-
positive individuals. It is possible that neutralizing antibody
titers waned over time and dropped below our limits of detec-
tion. Whether these individuals are newly at risk for MADV
infection remains uncertain. In the case of hepatitis B, for ex-
ample, it was demonstrated that in the face of declining anti-
body titers following vaccination, hepatitis B infection rates
rose in Senegalese children [25].

Memory loss, dizziness, fatigue, difficulty concentrating,
confusion, depression, irritability, myalgia, insomnia, and im-
pairment of daily living activities were more frequent in partici-
pants exposed to VEEV and/or MADV. After adjusting for sex
and age, increased seizures, irritability, insomnia, and memory
loss remained statistically significant. Seizures and paralysis
were mainly observed in severe cases of MADV encephalitis
during the 2010 outbreak. However, seizures were not present
in any of the 2010 VEE participants, in contrast to reports of
VEE sequelae in children in Colombia [26]. Indeed, on the
whole, our 2010-2015 cohort of VEEV-positive participants did
not present with severe cases of neurological disease. This may
reflect variations in virulence among VEEV strains [27], though
there are historical reports of severe and fatal cases of enzootic
VEE in Panama [18].

Seven of 9 adults reported fatigue 9 months after a VEEV
outbreak in Texas in 1971 [6]. Our results more closely resemble
descriptions of sequelae after WEEV infection [28], as well as
West Nile virus [29, 30]. Memory loss, learning impairments,
and behavioral changes are noted in approximately half of pa-
tients after acute illness due to neurotropic alphaviruses [31].
While there does not appear to be any precedent for cognitive
testing of participants exposed to alphaviral infections, there
have been several such studies in patients who recovered from
West Nile virus (WNYV). For example, Murray et al. [32] noted
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Table 5. Univariate and Multivariable Logistic Regression Analysis of the Presence of Self-Reported Signs and Symptoms by Alphaviral Exposure
(n=308)

Symptoms No. (%) Unadjusted Odd Ratio 95% Cl PValue Adjusted Odds Ratio® 95% Cl PValue
Seizures 7 (2.3) 13.21 1.56-111.3 .018 14.46 1.61-130.1 .017
Paralysis 12 (3.9) 2.14 0.68-6.83 195 1.5 0.43-5.30 .525
Difficulty walking 29(9.4) 1.10 0.49-2.47 .808 0.87 0.36-2.10 767
[rritability 27 (8.8) 2.44 1.10-5.41 .028 2.68 1.14-6.27 .023
Depression® 35 (11.4) 1.92 0.94-3.91 .074 1.73 0.81-3.65 154
Impairment in ADL 40 (13.0) 2.08 1.06-4.09 .032 1.47 0.71-3.03 297
Insomnia 45 (14.6) 2.81 1.48-5.35 .002 2.52 1.28-4.97 .008
Confusion 54 (17.5) 1.88 1.03-3.41 .040 1.64 0.87-3.10 128
Weakness 72 (23.4) 1.34 0.77-2.32 .298 1.18 0.66-2.11 .564
Myalgia 73 (23.7) 1.52 0.88-2.63 31 1.10 0.61-1.98 757
Memory loss 84 (27.3) 2.31 1.38-3.90 .002 1.89 1.09-3.28 .022
Dizziness 92 (29.9) 1.87 1.12-3.10 .016 1.48 0.87-2.54 148
Fatigue 1001 (32.8) 1.61 0.98-2.65 .063 1.27 0.74-2.16 .376
Headache 137 (44.6) 1.05 0.65-1.70 .840 0.86 0.51-1.45 .5682

Abbreviations: ADL, activities of daily living.
?Adjusted by age and sex.
°n = 307,

that at 8 years from initial infection (neuroinvasive and febrile
WNV), 40% of patients still reported sequelae. We suspect that
the true burden of MADV and VEEV extends substantially be-
yond the acute phase of illness. Understanding the full scope of
such sequelae is paramount in this region, given the high prev-
alence of MADV and VEEV exposure.

Interestingly, the majority of MADV- and VEEV-positive
individuals in our study did not recall having encephalitis or
severe neurological signs/symptoms. Other studies have also
suggested that the majority of the encephalitic alphaviral in-
fections present as a self-limited febrile illness [2,33]. Thus, the
high rates of self-reported neurological sequelae in this study
suggest that long-term neurological sequelae occur even after
mild to moderate clinical presentations.

Our study has several limitations. Because this follow-up
study was undertaken 5 years after the outbreak, we were
not able to determine the timing of seroconversion during
the 5-year period before data collection. It is therefore pos-
sible that the majority of the seroconversions occurred
shortly after the 2010 outbreak. However, we did note that
1 of the participants presented with MADV IgM in 2015,
suggesting recent infection. In addition, our sample size was
small because our cohort was generated from participants
originally tested during an outbreak, and there were many
participants who could not be traced. Therefore, our data
may not be generalizable. Longitudinal studies of a larger
population are important to validate the seroconversion
rates and cross-immunity we describe here. Furthermore,
there may have been bias in reporting neurological signs
and symptoms stemming from the fact that the partici-
pants were selected based on their inclusion in the 2010
outbreak studies. We sought to counteract this by including

neurological symptom data from a separate cross-sectional
study conducted in 2017.

In summary, our results demonstrate that MADV remains in
circulation and is an important human pathogen in Panama.
We further describe other novel findings, such as the decay
in MADV antibodies in some individuals, the possibility of
cross-protective immunity conferred by VEEV but not by
MADYV, and increased susceptibility to VEEV conferred by
prior MADV exposure. These findings have implications for
vaccine development and merit further study. In addition, we
provide preliminary information on the persistence of neuro-
logic symptoms following MADV and VEEV infection. Future
investigation into the duration and magnitude of such sequelae,
as well as underlying mechanisms and risk factors, may benefit
not only those affected by these viruses but also the larger pop-
ulation exposed to similar neurotropic arboviruses.
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