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DENGUE: EARLY HISTORY

The history of dengue since the beginning of
World War 1l has been one of unremitting and
challenging expansion, both from the standpoint of
human health and science. Key events were the
independent recovery of type 1 virus by Japanese
and U.S. scientists.™? Although Sabin and
Schlesinger are generally credited with having
made the first laboratory isolation of dengue type
1 from patientsin the Honolulu outbreak of 1943,
the publication by Kimuraand Hottaof therecovery
of virusin micefrom patients bled during the 1943
epidemic in Nagasaki preceded thereport by U.S.
workers.2 The wartime unavailability of the
Japanese medical literature haslong obscured this
point. Human sera collected from U.S. forces on
New Guineain 1944 |ed to theisolation of adifferent
virusin mice which was called dengue type 2, the
New Guinea B and C strains.®

A number of important scientific observations
on dengue had been made prior to thefirst isolation
of thevirusand without serological evidence. The
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description of an outbreak of “bilious remitting
fever” by Rush reasonably can be attributed to
dengue virus because the characteristic clinical
features of dengue fever occurred in adultsduring
the summer months of 1780.4 With careful reading,
theclinical features of Rush’s Philadel phiaoutbreak
can bedigtinguished from Bylon's* knokklekoorts’,
an outbreak of afebrile exanthem with arthralgia
which occurredin Batavia, Indonesiain 1779. The
latter outbreak reasonably can be attributed to
chikungunya, an alphavirus, which, likedengue, is
transmitted to human beings by the bite of Aedes
aegypti.> Important pre-World War |1 observations
not confirmed serologically, includethefirst outbresk
of classical dengue hemorrhagic fever/dengue
shock syndrome (DHF/DSS) in North Queensland,
Australiain 1897,5 the first evidence that dengue
was afilterable agent and that Aedes aegypti was
its vector.” 8

Several other pre-War observations have been
verified by testing blood obtained from surviving
patientsor experimental subjects. For example, sera
from survivorsof the 1928 Greek epidemic, which
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strongly resembles DHF/DSS, contained dengue
1and 2 neutralizing antibodies.® American soldiers
who participated in the clinical trials which
established many fundamental facts about dengue
disease and epidemiol ogy were caused by dengue 4
(1922 series) and dengue 1 (1929 series).* During
World War |1, combatantsand civiliansalikewere
infected in large numbers across the entire Pacific
theater of operations. On Saipan, dengue among
U.S. Marines threatened the successful outcome
of theinvasion.**

DISCOVERY OF HEMORRHAGIC
FEVER CAUSED BY DENGUE VIRUSES,
1956-1958

A comparativelull inreportsof dengueactivity
followed the withdrawal of major foreign forces
from tropical Asiaat the end of the War. Thisull
was broken in the mid-1950s by the unexpected
recovery of dengue viruses from a “hemorrhagic
fever” of children.*? Hammon, who was in the
Philippines to study poliomyelitis, isolated two
dengue virus types new to science calling these
dengue 3 and 4. Two years later. Hammon and
co-workers again recovered dengue viruses from
similar cases in children in Bangkok, Thailand
labeling these denguetypes5 and 6.2 In Thailand,
therewasacomplication. A significant fraction of
all hospitalized caseswere caused by chikungunya,
an alphavirus. Many patients with “Thai
hemorrhagic fever” had simultaneous serological
responsesto dengue and chikungunyaviruses. The
immediate question was “Why were dengue and
chikungunyaviruses suddenly causing asevereand
fatal disease?’

CAUSAL HYPOTHESES

First impressions, 1958-62. The natural
conseguence of Hammon's discoveries plus other
early observations resulted in four hypotheses of
the causation of hemorrhagic fever: 1) “hemor-
rhagic variants’, specifically, dengue types 3-6
were responsible; 2) Role of chikungunya. In
Thailand, as opposed to the Philippines, a non-
dengue virus seemed to be causing up to 20 % of

cases — chikungunya. It was thought that
simultaneous infections with dengue and
chikungunya might account for severe disease.’
The possibility that chikungunyavirus might have
gained virulence was underscored by areport that
freshly isolated strains produced hemorrhagic
enteritisin suckling rodents;*¢ 3) Immuneresponse.
Thevery first serological studies produced evidence
that many patients with Thai and Philippine
hemorrhagic fever (THF, PHF) experienced
anamnestic or secondary antibody responses to
dengueviruses. Thismeant that these patients had
been infected previously with an antigenically
related virus. Because the viral epidemiology in
these countrieswas unknown, theinitial infection
could not be identified; 4) Human genetic factor.
During the 1962 epidemic in Thailand,
predominantly Caucasian resident foreign
expatriates, both children and adults, suffered
dengue fever, but, not THEY It seemed possible
that Caucasians were genetically resistant to
severe dengue diseasel.

Early confusion, 1963-1964. Observationsin
1963 and 64 were sometimes contradictory. In 1963,
Dasaneyavaja and co-workers reported that
chikungunyavirus had not beenisolated from shock
or fatal THF cases.’® Because THF and PHF were
clinicaly similar, and chikungunya virus did not
occur in the Philippines, it seemed unlikely that
chikungunyawas necessary for hemorrhagic fever
to occur. Halstead and Yamarat™ called attention
to earlier episodes of severe and fatal hemorrhagic
fever associated with dengue fever outbreaks in
Australiaand Greece. They concluded from these
reports that Caucasians could not be genetically
resistant to hemorrhagic fever. Further, they
reasoned that failure of Thai denguestrainsto cause
hemorrhagic fever in Caucasians could only be
interpreted to mean that dengue viruses were not
inherently virulent. A factor “somehow acquired
through continuous exposure to environmental or
immunologic conditions of Bangkok”?® seemed
more plausible. Halstead and Yamarat®® called
attention to asmall THF outbreak in 1964 inwhich
primary-type antibody responses predominated.
Because of these data they characterized the
situation as “confusing.” At the 1964 WHO
conference, Hammon formulated an “im-
munological response”’ hypothesisof THF, but after



considered deliberation, discarded it in favor of the
virusvirulence hypothesis.?

Increasing clarity. The WHO Seminar on
Mosquito-borne Haemorrhagic Fevers held in
Bangkok, 19-24 October 1964, was notablefor two
events, the introduction by Halstead of the term
“dengue hemorrhagic fever (DHF)”?? and an
agreement that better case definition would improve
etiological classification. This was soon
accomplished. In 1966, Cohen and Halstead?
published their classical study on dengue shock
syndrome? describing clearly for the first time its
underlying pathophysiology astheleakage of fluid
and protein through damaged capillaries’. Thisled
to the introduction of logical and successful
principles of resuscitation. The case definitions
made possible by the description of dengue shock
syndrome (DSS) almost immediately led to a
breakthrough in understanding the etiology of DHF/
/DSS. In their next classical report, Halstead et
al .* documented the strong correl ation between a
secondary-type dengue antibody response and
dengue shock syndrome. When this paper was
read in 1966, immunological research had only
recently madeit possibleto distinguish primary and
secondary immune responses based upon
immunoglobulintype.®

TWOINFECTIONSDOCUMENTED

In areaswhere multipletypes of dengueviruses
arecirculating s multaneoudly, itispossibleto obtain
extremely solid evidence for the role of infection
sequence by comparing the prevalence of
secondary-type antibody responses in DHF/DSS
with that in milder dengue illnesses as controls.
Two important conditionsmust be applied: 1. cases
must demonstrate clinically significant vascular
permesability and 2. cases must be one-year and
older. The specia case of infants less than one
year will not be discussed at length in this paper.

Data from DHF/DSS cases could not answer
the question whether severe disease was
associated with second, third or fourth dengue
infections. Thisrequired pre-ilinesssera. Very few
DHF/DSS cases were hospitalized early enough
for their sera to retain pre-illness attributes. The
first attempt at solving this problem wasto compare
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observed age specific DHF/DSS hospitalization
rates with second, third and fourth dengue age-
specific infection rates generated from a
mathematical model.?® Only the second dengue
virus infection rate curve fit data for DHF/DSS
hospitalizations (fig.1). Of interest, this model
predicted there would be 58.5 DHF/DSS cases
per 1 000 secondary dengueinfections. Thisisvery
closeto ratios cal culated from prospective studies
(see below).?" 2

It was obvious that only a study format in
which children were followed from their first
through successiveinfections could determineif a
second, third or fourth infection resulted in DHF/
/DSS. Pioneer studies were conducted on Koh
Samui Island, Thailand, in 1966 and 1967.2* In
1966, 336 children, ages2-12 yearswere bled pre-
and post-rainy season and their sera tested for
dengue HI antibodies. During the interim, cohort
children were observed clinically.? * Six cohort
children experienced an illness; 2 and 1 had
undifferentiated febrileillnesseswith primary and
secondary-typeinfections, respectively. Shock was
observed in three, each of whom circulated pre-
illnessdengue HI antibody. Inthe study asawhole,
no cases of shock were observed in 26 primary
infectionswhile 3 DSS cases were observed in 83
secondary dengue infections (36.1 DSS/1000
secondary dengue infections). Dengue type 2
viruses predominated among isolationsfrom DHF/
/DSS cases.**Thefollowing year, DHF/DSS broke
out in a different part of the island.®* This time
dengue 4 was isolated from cases and again, DSS
occurred only among children experiencing a
secondary-type antibody response. This was true
despite evidence that primary infections occurred
more frequently than secondary among the general
population. It wasstill not clear whether DHF/DSS
occurred only during a second dengue infection.
Many years were to pass before this question was
answered by direct observation.

EXPLANATORY HYPOTHESES: ANTIBODY -
-DEPENDENT ENHANCEMENT

Immune Enhancement: Early studies. Im-
mune enhancement of dengue virusreplication was
established in two papers published in 1973.3% 33
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Thefirst described theincreased growth of dengue
2 virusin cultures of peripheral blood leukocytes
(PBL) obtained from dengue-immune rhesus
monkeys* (fig. 2). The second described enhanced
levels of viremiain monkeys during secondary as
compared with primary dengue 2 infections.® The
mechanism underlying the phenomenon of “immune
enhancement of dengue virus infection” was
unclear. But, it seemed possible that viruses were
replicating in memory T lymphocytes which had
been transformed by dengue antigen to form
lymphoblasts. The replication of viruses in
phytohemagglutinin (PHA) transformed T
lymphoblastswasawell documented phenomenon
a the time®

Earlier epidemiol ogical evidence had pointed
to two groups of human beingswho wereat risk to
DHF/DSS; children experiencing second dengue
infections and infants born to dengue-immune
mothers who experienced their first dengue
infection.® The most plausible mechanism which
tied together these two observations was antibody
which somehow modulated dengue infection.
Shortly thereafter, it was demonstrated that dengue
antibody, at non-neutralizing concentrations,
enhanced dengueinfectionsin cultured human and
rhesus PBL.% Finally, the unique role played by
mononuclear phagocytesin dengueinfectionswas
established*, first, in supporting dengue virus
replication and second, in permitting enhanced
infection in the presence of infectious immune
complexes.®” Optimal conditions for in vitro
infection enhancement were described.® It was
possible to enhance dengue 2 viremia in rhesus
monkeys circulating small concentrations of
passively transferred human dengue antibody.*
Other laboratories began to study “antibody-
dependent enhancement (ADE)”.* Although
enhanced viremiahas been demonstrated in humans
during secondary compared with primary dengue
3infections,* the strongest published evidence to
date is the correlation between concentrations of
dengue antigen-antibody complexesin acute phase
sera and the severity of DHF/DSS* and viremia
titer during the early febrile phase of illness.* The
modern hypothesis of DHF/DSS pathogenesis
assigns enhancing and neutralizing antibodies an
afferent role in up- or down-regulating dengue
infection in mononuclear phagocytes, while an

efferent roleisplayed by T-cdll mediated immunity
which is generated to eliminate dengue-infected
cells produces cytokines which mediate vascular
permeability and abnormal hemostasis.* Thereis
wide, if not unanimous, agreement that thisisthe
best explanatory model for the pathogenesis of
DHF/DSS.%

COMMENTS

1. To an extent unusual in science, the major
observations which established dual and
contradictory rolesfor antibody both in protecting
and harming human beings during an infectious
disease were made by research groups under the
direction of asingleindividual. To havelived this
history hasbeen aprivilege, exciting and rewarding.
Therearestill vivid memories of being draftedinto
the U.S. Army Medical Corps, and receiving an
assignment beyond my wildest imagination to a
major medical research |aboratory located on the
outskirtsof Tokyo, Japan. It wastherethat | learned
virology at the bench and in the field working at
the time with Japanese encephalitis virus and, in
due course, dengue 1 and 2 viruses. Whilein Japan,
1957-59, | learned of reports of a “hemorrhagic
fever” occurring in the Philippinesin 1956. At the
time, it was assumed that thiswas another outbreak
of what wasthen called Korean hemorrhagic fever
—now known to be a hantaviral disease. In 1958,
the author’s Department at the 406" Medical
Genera Laboratory, received specimens from the
hemorrhagic fever casesin Bangkok. The 8" U.S.
Army had jurisdiction over U.S. Forcesthroughout
the Asia-Pecific theater. There are scenarioswhich
might have resulted in my having been ordered to
Bangkok to work up this new disease.

That didn’'t happen, in part, because William
(Bill) McD. Hammon, a distinguished founder of
thefield of arbovirology, was aprominent member
of the Armed Forces Epidemiology Board (AFEB).
The AFEB provided fundsto civilian laboratories
enabling them to work on infectious disease
problems of the military. It was with these funds
and through his connectionswith USAID officials
that Bill Hammon arrived in Bangkok in 1958 before
the hemorrhagic fever epidemic wasover. Whilel
was in Japan, Hammon's group had isolated and



characterized two new dengue viruses from their
earlier studiesin the Philippines and named them
types 3 and 4. The implication of finding new
dengue virus types was clear. Virulent dengue
strains were causing a hemorrhagic disease. By
1959, Dr. Hammon reported early evidence that
two other new dengue viruses were circulating in
Thailand.

Bangkok might never have materialized asan
assignment for me except for the coincidence of
my friendship with Gene Gangarosa. | met Gene
while | was assigned to the Department of Virus
and Rickettsial Diseases, Walter Reed Army
Institute of Research (WRAIR), Washington, D.C.
He was assigned to the Department of
Bacteriology, was interested in cholera and had
been on temporary duty (TDY) to Bangkok in
1959. There hejoined aU.S. Navy team studying
the cholerawhich had broken out in epidemic form
in 1958. Gene had brought with him the “ Crosby
capsule,” an intestinal biopsy device invented by
Dr. William Crosby, Chief of Hematology at
WRAIR. The Crosby capsule allowed Gangarosa
to obtainthefirstintestinal mucosatissuefromliving
cholera patients. Tissue sections showed scarring
of duodenal mucosaand blunting of intestinal villi.
Unfortunately, no controls had been biopsied. Dr.
Gangarosa needed someone to assist him obtain
intestinal biopsiesfrom controlsduring his planned
return trip to Bangkok, May — July 1960. | was
available and volunteered to join the group.

While in Bangkok | was introduced to
Dr.Charas Yamarat, Chair, Department of
Microbiology, School of Public Health, University
of Medical Sciences. The School of Public Health,
which had been built partly with Rockefeller
Foundation money, was|ocated on Rgjavithi Road
next to Bangkok Children’s Hospital and across
the street from the Royal Thai Army Institute of
Pathology, headquarters of the SEATO Cholera
Laboratory. During my stay, | obtained afew acute
and convalescent serafrom Thai hemorrhagic fever
patients and reached a tentative agreement to
return to Bangkok as Chief of a new SEATO
Virology Department which would be located in
the School of Public Health. On my return to
Washington, the acute phase sera yielded a
chikungunya virus. In the process of preparing a
seed virus by inoculating suckling mice
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intracerebrdly, | accidentally impaled my finger on
a25 guage needle. Threedayslater, | noted lumbar
pain, amacular rash and sudden onset of fever. |
wasrushed to Walter Reed Army Hospital, because
everyone thought | had “hemorrhagic fever.” The
most memorabl e aspect of my hospitalization was
the 50 ml of blood taken every day to perform
clinical and hematological studies. Back inthelab,
| discovered that mice, hamsters and rats
inoculated with chikungunya developed severe
intestinal hemorrhages. This finding was
subsequently reported in Science.* It was difficult
at that time not to think that SE Asian viruses had
aspecial hemorrhagenic potential.

Oncel arrivedin Bangkok in September 1961,
faculty members of the Department of
Microbiology wereintegrated into ajoint research
group which was created with fundsfrom the newly
established SEATO Medical Research Laboratory
(SMRL). Thai physicians, medical techniciansand
nurses all became members of the joint SPH-
SMRL Virology Department. In Bangkok, | began
my lifelong friendship with Dr. Suchitra
Nimmannitya, then ajunior pediatrician at Bangkok
Children’sHospital, and now aworld authority on
clinical aspects of DHF/DSS. We agreed to a
longitudinal collaborative study of out-patients, in-
patientsand surgical patientsas controls. We hired
nurseswho visited the hospital daily to collect blood
samplesand clinical data. A notablefeature of Thai
hemorrhagic fever was its local name, “Chinese
medicine poisoning” and the fact that foreigners
developed not THF, but dengue fever. Because |
had set up a virology diagnostic service for
Americans who attended the U.S. Embassy
Medical Clinic and ultimately extended thisservice
toall expatriatesliving in Bangkok, we knew alot
about dengue in expatriates.

| suppose | have always had an aptitude for
epidemiology. Field research on Japanese
encephalitis (where | measured the ratio between
infection and clinical diseasefor thefirst time) had
schooled mein its methods and enormousvalue. |
soon met a European social scientist who had just
helped design the country’s first modern census
(1960). From this contact, | gained access to
census tract maps. Using arandom numberstable
and census tract numbers, 20 tracts were chosen
randomly. By theend of 1961, we had hired ateam
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of field nurses, secured large scale police maps
for each censustract and began to define the study
population. Ultimately, we dropped one site, thus,
maintaining 19 study areas, each of 200-250
households, for atotal study popul ation of 44,000.
Every house was assigned a unique number,
residents were censused and assigned study
numbers. It was planned to bleed a 10% random
sample every six months. But, after a chickenpox
epidemic brokeout in oneof thestudy sites, Chinese
residents bolted their doors and wouldn’t answer
the knocking of our nursing teams. There were
even episodesof householderscursing and throwing
stones at our nurses. Traditional Chinese believe
in the magical properties of blood. Even though
we were taking only finger tip blood specimens,
they blamed us for causing the chickenpox!

2. Although the Bangkok dengue field study
was ultimately extremely useful, two other events
really determined the outcome of my studies on
Thai hemorrhagic fever. The first was the
unexpected arrival in Bangkok in 1963 of Sanford
Cohen, M.D., a newly drafted U.S. Army
pediatrician trained at Johns Hopkins. “ Sandy” had
heard about Thai hemorrhagic fever and wanted
to see cases for himself. We became friends and |
agreed to support a clinical study which Sandy
would lead when he returned in 1964. The second
important event was the arrival of Dr. Wilbur
Downsof the Rockefeller Foundation latein 1963.
Wil agreed to call on the Permanent Secretary
of the Ministry of Public Health along with
Dr. Yamarat and me to ask permission to set up a
specia hemorrhagic fever clinical research ward.
This would be under the medical direction of a
foreign physician, a problem under Thai law.
Ultimately, we provided Dr. Cohen with the able
assistance of two Thai physicians. Both became
famous in later life: Dr. Aree Valyasevi, a
pediatrician on the faculty of Siriraj Hospital,
ultimately, was the founding dean of Ramthibodhi
Hospital Medical School and aMagsaysay Award
winner and Dr. Chaiyan Kampanartsanyakorn,
became among other jobs, Deputy Mayor of
Bangkok.

One day in September 1964, while we were
compiling data for the October WHO mesting,
Sandy came to me and said’ “ Scott, we have two
different clinical syndromesin this study.” | went

back to the serology dataon these patientsanalyzing
them separately, and the rest is history.

The next experience of importance was in
1966, one year after | had left Bangkok and gone
to the Yale Arbovirus Research Unit to work up
my data set and write papers. | was greatly
bothered by the occurrence of a substantial group
of primary-type antibody responsesin infantsless
than oneyear. | obtained Army ordersfor TDY to
Bangkok specifically to “get rid” of these cases.
They were ruining the two-infection data which
were so clear inthe now analyzed large Children’'s
Hospital data set. In Bangkok, | reviewed some
80-100 clinical charts of infant cases, spoke with
pediatricians and at length with the remarkable
pathologist at Children’s and Women's Hospital,
Dr.Kamolwat Vinijchaikul. In those days, high
quality medicinewasrated by autopsy percentage.
Thai medicine, very much under the influence of
American academic standards, aspired to high
autopsy rates. Nonewere higher than at Children's
and Women’sHospitals, aMinistry of Public Hedth
complex, not then affiliated with any medical schoal.
Because autopsy rates were in the high 90 %s
during 1962-65, | was ableto review many autopsy
records on infantslessthan oneyear who had died
of Thai hemorrhagic fever. Their gross and
microscopic findingswereidentical tothose of older
children.

Infants less than one clearly developed
classical DHF/DSS during a primary dengue
infection. The hypothesis had to be expanded.
But,how? Experimental work in monkeys provided
the answer.

3. My stay at the newly opened Department
of Epidemiology and Public Health, Yale University
School of Medicine was fortuitous because John
Paul and Dorothy Horstmann, of polio fame, owned
a collection of rhesus monkeys and had just
constructed alarge monkey holding facility. | was
able to gain access to these monkeys without
charge. Soon, | obtained AFEB funding to hire a
technician and started to devel op amonkey model
of DHF/DSS. Monkeyswereinfected with dengue
viruses in different sequences. | used every
combination of two sequential infections — there
aretwelve. Every day for two years, | bled 10-20
monkeys, personally performed hematocrit, platel et
and white blood cell counts and saved samplesfor



liver chemistriesand prothrombintimes. A portion
of each plasma sample was tested for virus titer
and ultimately for HI and neutralizing antibodies.
One animal infected with DEN 4 then DEN 2
developed laboratory evidence of increased
vascular permeability and thrombocytopenia.®® At
thetimeit seemed that monkeysjust didn’t develop
severe disease following two dengueinfections.
In 1968, | left the Army and Yale and went to
the University of Hawaii to start anew Department
inanew medical school. With no fundswhatsoever,
it took sometimeto get back into dengueresearch.
Fundsfor rubellaresearch and aspecial grant from
the Defense Department got us started. We had
access to a large monkey colony used for Navy
microwave research. Our plan, this time, was to
study the organ and cellular distribution of dengue
virus in monkey tissues during first and second
infections. One day in early 1973, Dr. Nyven
Marchette reported virusisol ation and fluorescent
antibody results on a monkey with a secondary
DEN 2infection, “| have never seen so much virus
inthetissues.” Thishappened virtually onthe same
day that virus assays were coming off from a
pioneering immunology study. Joyce Chow, aPhD
candidatein the Department of Tropical Medicine
and Medical Microbiology, had reported the
absence of thymidine uptake following PHA
treatment of peripheral blood leukocyte cultures.
The cultures had been inoculated with undiluted
live dengue virus. However, blast transformation
did occur in PHA-treated PBL previously
inoculated with a1:10 or higher dilution of virus. |
wonderedif denguevirusmight be growing inthese
cellsand destroying their ability to respond to PHA.
Assays of the PBL cultures showed that indeed
DEN 2 virus was growing. These two results led
me back to unanalyzed viremia data for 118 Yale
rhesus monkeys, each infected separately with four
different dengue viruses and thereafter with various
combinations of sequentia infections. Data had
been entered in painstaking detail on large
accounting sheets by Henry Shotwell, my
laboratory technician at Yale. DEN 2 viremiatiters
in secondarily-infected monkeyswere higher than
inmonkeyswith aprimary infection using the same
virusgiven at the same dose and by the sameroute!
The immune enhancement hypothesis was
born. Amazingly, it all happened at once. Enhanced
viremia titers were observed in monkeys
experiencing secondary dengue 2 infections and
DEN 2 virus grew in cultured periphera blood
leukocytes from immune but, not from susceptible
monkeys. Everything fit!
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4. Thefinal chapter in hypothesis-making was
the step by step realization that it wasnot T or B
lymphocytes which supported dengue virus
replication, as we originally believed, but,
mononuclear phagocytes — monocytes and
macrophages. This became clear while | was on
sabbatical leave in the laboratory of Dr. Anthony
Allison, Clinical Research Centre, Medical
Research Council, London, England, in 1975-76.
There | was able to use protein-coated silica
particlesto selectively kill mononucl ear phagocytes,
atechnique pioneered by Dr. Allison. Phagocytic
cellsingest silicaparticle, which dissolvereleasing
silicic acid that destroys the cell. Thisfact can be
recognized immediately using avital-stain, acridine
orange. It became immediately apparent that 1gG
antibody, whether derived from an initial dengue
infection or transferred from mother toinfant, could
control the afferent kinetics of dengue virus
infection and, ultimately, the severity of theresultant
disease. Antibody-dependent enhancement of
dengue infection became a unified explanatory
hypothesis.

) Double sequental model
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Fig. 1. Predicted age-specific second dengue infection rates
compared with observed Bangkok age-specific DHF/DSS
hospitalization rates in a model in which three dengue virus
types are circulating in a population at an average annual
infection rate of 15 %. A restriction of two infections
occurring within five years was imposed to achieve a best fit.
Recent data from Cuba have shown there is no restriction on
the period of sensitization following a first dengue infection.
Age specific hospitalization rates are shaped by the fact that
children to age 15 are inherently more susceptible to DHF/
DSS during second dengue infections than are adults (From
Fischer DB and Halstead SB. Yale J Biol Med 1970;42:329-
49, with permission).
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