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Background. The natural history of wild-type dengue virus (DENV) infections of humans, including incubation
and infectious periods, requires further study.

Methods. Two experimental studies in the Philippines of DENV-4 (1924–1925) and DENV-1 (1929–1930)
were reexamined. The intrinsic incubation periods were fitted to log-normal distribution using the maximum
likelihood method, and the infectious and extrinsic incubation periods were assessed by proportions of successful
transmissions causing clinically apparent dengue. Correlations between the intrinsic incubation period and other
variables and univariate associations between clinical severity and serotype were also examined.

Results. incubation periods were and days for DENV-4 and DENV-1, re-Mean � SD 6.0 � 1.4 5.7 � 1.5
spectively. Significant negative correlations were observed between the incubation period and duration of fever
( and �0.33). Even 1 and 2 days before the onset of fever, 80.0% (95% confidence interval [CI], 44.9%–r p �0.43
100%) and 25.0% (CI, 0%–67.4%) of biting experiments caused clinically apparent dengue. DENV-1 infections
resulted in a significantly longer duration of fever than DENV-4 infections ( ).P ! .01

Conclusions. Incubation period was negatively correlated with disease severity, potentially reflecting a dose-
response mechanism. The historical data provided useful details concerning serotype differences in the natural
history of primary DENV infections.

Dengue fever (DF) is a vectorborne disease caused by

4 closely related dengue viruses (DENV 1–4) [1, 2]. DF

is distributed in most tropical and subtropical areas,

where Aedes aegypti and/or A. albopictus are abundant

[3]. Infection with DENV can also cause dengue hem-

orrhagic fever (DHF), a syndrome characterized by in-

creased vascular permeability, plasma leakage, hypo-

volemia, and shock [4, 5]. Although the pathogenesis

of DHF is not fully understood, several risks have been

reported: secondary infection with heterologous strains

[6, 7], primary infection in infants born to dengue-

immune mothers [8], differing virulence of the strain

[9], and differing human susceptibility according to
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race or genetic factors [10, 11]. Because DENV infec-

tions are often clinically inapparent, it is difficult to

clarify the epidemiology of DF and dengue patho-

physiology without virological support [12, 13].

The natural history of DF involves the time from

infection to onset and recovery from disease. However,

although the clinical symptoms of DF and DHF have

been relatively well described [14, 15], the incubation

and infectious periods for different DENVs have yet to

be examined in detail. This is partly attributable to the

difficulty in identifying the time of infection after a

mosquito bite. Detailed information on the above may

assist in quantification of the transmission potential and

contribute to an understanding of the epidemiologic

processes of this disease [16].

Before World War II, a number of studies were con-

ducted to prove the mode of transmission and further

basic knowledge on dengue. These studies were per-

formed by US Army commissions [17] and by Austra-

lian [18] and Japanese [19, 20] researchers. Successful

studies include those of Ashburn and Craig [21] and

Cleland, Bradley, and McDonald [18], the former of

which was recently reviewed in the Journal of Infectious
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Figure 1. Frequency distributions of the intrinsic incubation periods of dengue fever cases. Distributions of the incubation periods of dengue fever
with dengue virus (DENV)–4 (A; ) and DENV-1 (C; ) infections based on maximum likelihood estimations assuming log-normal distributions.n p 47 n p 80
Observed (bars) and predicted (solid lines) frequencies are shown. The whiskers extend from the ends of each box to the outermost data points that
fall within the distances computed. The bracket along the edge of each box identifies the shortest half, which represents the highest density (50%)
of the observations. Log-normal quantile plots of the incubation periods of DENV-4 (B) and DENV-1 (D) infections are also given. The diagonal reference
lines indicate the line of fit, and the 2 dashed lines denote the 95% confidence interval (0.001–0.99).

Diseases [22]. In the present study, we reanalyzed data from 2

human volunteer experiments in which the DENV etiology was

known.

METHODS

Brief historical background. Both dengue studies were per-

formed in the Philippines and involved large numbers of hu-

man volunteers recruited from US Army personnel. The first

study, conducted by Joseph Franklin Siler, Milton Weston Hall,

and Arthur Parker Hitchens took place in 1924–1925, whereas

the latter was organized by James Stevens Simmons, Joseph

Harold St. John, and Francois Hiie Kari Reynolds in 1929–1930

(the latter study is available at: http://plaza.umin.ac.ip/infepi/

simmons1.pdf). Both studies were originally published in the

Philippine Journal of Science [23, 24] and were reprinted with

appendices by the Bureau of Printing, Manila [25, 26]. In 1971–

1972, Halstead obtained blood samples from 4 and 5 vol-

unteers involved in each study and demonstrated specific neu-

tralizing antibodies to DENV-4 and DENV-1, respectively

[27]. Following these experimental studies of dengue, J. F.

Siler (1875–1960) reported the efficacy of antityphoid vac-

cines [28], whereas J. S. Simmons (1890–1954) contributed

to the advancement of epidemiology during and after World

War II, as chief of the Preventive Medicine Service, Office of

the Surgeon General and, thereafter, as dean and professor of

the Harvard School of Public Health [29].

The transmission of DENV by arthropods was first dem-

onstrated by Graham, who claimed that Culex quinquefasciatus

was the vector [30]. This finding was supported by Ashburn

and Craig [21, 22], but not by the Australian researchers Ban-

croft [31] and Cleland et al. [18], who suggested instead that

A. aegypti was the major vector, with very different implications

for mosquito control of dengue transmission. In the studies of

Ashburn and Craig, mosquitoes were refed on susceptible vol-

unteers within 24 h after viremic blood meals, too short a

period for transmission of the virus [21, 22]. Given this knowl-

edge, Siler et al. reexamined DENV transmission by A. aegypti

at different extrinsic incubation and human infectious periods
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Figure 2. Infectious period and extrinsic incubation period of dengue fever caused by dengue virus (DENV)–4. Both infectious period (A; )n p 62
and extrinsic incubation period (B; ) were measured as the proportion of successful transmissions that resulted in clinically apparent denguen p 19
fever. Thus, it should be noted that the proportions given in each panel are probably underestimated because of the substantial fraction of clinically
inapparent infections. The broken lines show 95% confidence intervals, and the solid lines show the expected value. The horizontal axis in panel A
(the disease-age) is 0 at the onset of fever.

(by varying the time interval between feeding and inoculation

and the time the mosquitoes were fed on volunteers—i.e., be-

fore and after onset of the disease). Simmons et al. extended

these investigations to mechanical transmission of DENV

through interrupted feeding of C. quinquefasciatus, develop-

ment of a challenge model to confirm protective immunity,

and examination of the possibility that monkeys and other

animals (i.e., chickens, lizards, mice, guinea pigs, and rabbits)

were capable of being vertebrate hosts of dengue.

Experimental settings and data. The studies by Siler et al.

of DENV-4 infections involved 64 volunteers and 111 A. aegypti

biting experiments, resulting in 47 clinically apparent cases of

DF, whereas that of DENV-1 infections by Simmons et al. in-

cluded 98 volunteers, 80 of whom developed DF, the majority

transmitted by A. aegypti but some by A. albopictus (12 cases)

and C. quinquefasciatus (1 case). The number of biting exper-

iments in the latter study was not documented in the original

publication. All volunteers were white male US Army person-

nel. Each volunteer was required to meet 3 conditions to de-

termine that they had not been exposed to DENV: (1) short

residence in the tropics (preferably !3 months), (2) previous

residence in the United States in geographical areas where DF

had never occurred, and (3) no record of admission to the

hospital for DF and a negative medical history suggestive of a

previous attack.

Siler’s group propagated A. aegypti in a screw-top, glass fruit

jar of 1000 cm3 capacity. A. aegypti used in the experiments

had emerged 2–7 days earlier. Variable numbers of female mos-

quitoes were used for each experiment (range, 2–36; median

[25%–75% quartile], 10 [6–18]). Extrinsic incubation periods

also varied, ranging from 2 to 75 days (median [25%–75%

quartile], 20 days [17–29 days]), including experiments that

failed to result in clinically apparent infections. The time of

mosquito feeding on infected volunteers ranged from 52 h

before to 114 h after the onset of fever (median [25%–75%

quartile], 18 h [6–32 h] after onset); based on Siler’s pilot study,

mosquitoes were fed on volunteers mainly during the first day

of disease. Mosquitoes were placed in a cage specifically de-

signed to permit biting (approximate internal dimensions,

), which was applied to one leg of the35 cm � 60 cm � 35 cm

volunteers. The experimental series was initiated by exposing

mosquitoes to patients with naturally occurring DF during the

first 3 days after onset of fever. Successful chains of transmission

by A. aegypti reasonably excluded the possibility of other di-

rectly transmitted diseases with a similar clinical appearance

(and, thereafter, the serological study of Halstead showed that

chikungunya and St. Louis encephalitis virus infections had not

occurred [27]). At the outset of the experiments, Siler also

allowed himself to be bitten by infected mosquitoes; he de-

veloped DF and then proceeded to infect volunteers from Sep-

tember 1924 to March 1925.

The experimental conditions of the study by Simmons et al.

of DENV-1 were similar to those of Siler et al., but the number

of mosquitoes used for each experiment varied widely from 1

to 150 (median [25%–75% quartile], 22 [10–56]). Experimental

infections were conducted from December 1928 to March 1930.

In both experiments, all DF cases survived. Further details are

given in the original literature (e.g., the Simmons et al. study

is available at: http://plaza.umin.ac.ip/infepi/simmons1.pdf).

Consequently, information on 47 DENV-4 and 80 DENV-1

cases was compiled, including the name and age of the vol-

unteers, the number of mosquitoes used, the extrinsic incu-
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Table 1. Comparison of the clinical findings of 2 experimental
studies on dengue fever.

Signs and symptoms
DENV-4
(n p 48)

DENV-1
(n p 60) P

Rash
None 2 (4.2) 12 (20.0) .02a

Primary 15 (31.3) 23 (38.3) NS
Terminal 37 (77.1) 42 (70.0) NS

Onset
Chills 15 (31.3) 17 (28.3) NS
Sudden 14 (29.2) 35 (58.3) !.01
Gradual 31 (64.6) 25 (41.7) .02

Saddleback fever 19 (39.6) 50 (83.3) !.01
Single fever spike 15 (31.3) 10 (16.7) NS
Leukopenia 36 (75.0) 60 (100) !.01a

Headache 44 (91.7) 59 (98.3) .13a

Postorbital pain 33 (68.8) 56 (93.3) !.01a

Backache 16 (33.3) 55 (91.7) !.01a

Anorexia 20 (41.7) 53 (88.3) !.01a

Dizziness 24 (50.0) 42 (70.0) .03
Altered taste 18 (37.5) 40 (66.7) !.01
Lymphadenopathy 37 (77.1) 40 (66.7) NSa

Nausea 17 (35.4) 39 (65.0) !.01
Pain in limbs 12 (25.0) 38 (63.3) !.01
Vomiting 4 (8.3) 12 (20.0) NSa

Flushed face 38 (79.2) 36 (60.0) .03
Injected eyes 37 (77.1) 7 (11.7) !.01a

NOTE. DENV, dengue virus; NS, not significant. Comparisons were per-
formed using the x2 test, unless otherwise indicated.

a Fisher’s exact test.

bation period, dates of inoculation and onset, and duration of

fever. The intrinsic incubation period (i.e., incubation period

in humans) was calculated from the difference between the

date of onset (i.e., fever) and mosquito bite. In the study of

DENV-4, the infectious period in humans was assessed by the

proportion of successful transmissions (i.e., inoculation re-

sulting in clinically apparent infection) by disease-age (n p

available experiments for disease-ages ranging from �3 to62

5 days); disease-age is defined as the time since onset of initial

symptom (i.e., 0 days indicates disease-age at onset of fever,

and �1 day indicates 1 day before onset of fever). In the same

way, using only the study of DENV-4, the extrinsic incubation

period was determined from the proportion of successful trans-

missions with different intervals between feeding of A. aegypti

and inoculation ( experiments for !16 days after feed-n p 19

ing). In the DENV-1 study, tabulated individual data included

minimum white blood cell (WBC) counts, duration of leu-

kopenia, and appearance of a primary and secondary rash. In

both studies, common signs and symptoms were recorded in

groups (i.e., presented separately from other individual data)

for 48 (47 experiments and 1 pilot study) and 60 cases of

DENV-4 and DENV-1 infections, respectively. In the DENV-4

case summaries, some signs and symptoms were recorded as

“not noted”; this notation was deemed equivalent to “absent”

in our analyses.

Statistical analysis. We analyzed the distributions of age,

duration of fever, intrinsic and extrinsic incubation periods,

and infectious period in both groups ( and 80). Then p 47

intrinsic incubation periods were fitted to log-normal distri-

butions using the maximum likelihood method following the

suggestion of Sartwell [32]. Log-normal quantile plots were

drawn to visually assess the validity of fitting the distributions

to the observed data. Furthermore, the Kolmogorov-Smirnov

test was employed to assess the goodness of fit. Only in the

study of DENV-4 infections was it possible to evaluate the

infectious and extrinsic incubation periods from the propor-

tions of successful transmissions using data recorded daily. CIs

for a proportion (p) were obtained using the SE:

( )p 1 � p� , (1)
N

where N is the sample size.

Second, differences in the above parameters between exper-

iments were examined using the F test followed by Student t

test. Because the intrinsic incubation periods were skewed to

the right, this variable was analyzed after logarithmic transfor-

mation (including the following analyses of correlations). Com-

parisons of each sign and symptom between experiments were

performed using the x2 or Fisher’s exact test.

Furthermore, comparisons between the intrinsic incubation

period and other variables were also performed. Age, duration

of fever, extrinsic incubation period, and the number of mos-

quitoes used were recorded in both experiments, and the re-

maining variables—minimum WBC counts, duration of leu-

kopenia, and appearance of primary and secondary rash—were

available only for the DENV-1 study. Because primary and

secondary rash data are dichotomous variables, we used uni-

variate logistic regression to assess the association with the in-

cubation period. For the remaining variables, correlations with

the incubation period were assessed by Pearson’s correlation

coefficients. The level of statistical significance was set at

. All statistical data were analyzed using the statisticala p 0.05

software JMP IN (version 5.1; SAS Institute).

RESULTS

Descriptive characteristics. Among those who developed

clinically apparent DF, ages were andmean � SD 22.5 � 4.0

years in the DENV-4 and DENV-1 studies, respec-22.0 � 3.4

tively. Age was not significantly different between studies

( ). The durations of fever wereP p .97 mean � SD 3.6 � 1.2

and days, respectively. The febrile period of DENV-4.8 � 1.2

1 infection was significantly longer than that of DENV-4
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Figure 3. Comparisons between the incubation period and duration of fever in the 2 experimental studies of dengue fever. Results with dengue
virus (DENV)–4 (A; ; [ ]) and DENV-1 (B; ; [ ]) infection are shown. The density ellipse contains then p 47 r p �0.43 P ! .01 n p 80 r p �0.33 P ! .01
specified mass of points as determined by 95% of expected variation.

( ). In the DENV-1 study, the values for min-P ! .01 mean � SD

imum WBC count and duration of leukopenia were 3.01 �

109 � 0.78 � 109cells/L and days, respectively, and6.1 � 2.0

37.5% (95% CI, 27.7%–48.5%) and 68.8% (95% CI, 57.9%–

77.8%) of diseased individuals exhibited a primary or secondary

rash, respectively.

Distributions of the intrinsic incubation period are shown

in figure 1. The values were days (95%mean � SD 6.0 � 1.4

CI, 5.6–6.4 days) and days (95% CI, 5.3–6.0 days)5.7 � 1.5

in the DENV-4 and DENV-1 studies, respectively, yielding max-

imum likelihood estimates of the scale and shape parameters

of 1.76 and 0.24 and 1.71 and 0.22, respectively. Figure 1B–1D

shows quantile plots for the hypothesized log-normal distri-

butions. The majority of the data points and quantiles were

relatively close in both distributions. Although the points

snaked over the line for DENV-1 (figure 1D), only a few cases

out of 80 were outside the 95% CI. The Kolmogorov-Smirnov

test revealed no significant deviation in the DENV-4 study

( ; ) and only a slight deviation in the DENV-D p 0.11 P p .15

1 study ( ; ) between the observed and expectedD p 0.17 P p .01

distributions. The incubation period was not significantly dif-

ferent between the 2 viruses ( ).P p .15

The infectious period and extrinsic incubation period in the

DENV-4 study are summarized in figure 2 as the proportion

of successful dengue transmissions. Even 1 and 2 days before

the onset of fever, 80.0% (95% CI, 44.9%–100%) and 25.0%

(95% CI, 0%–67.4%) of biting experiments resulted in clinically

apparent DF. At 2 days after the onset of fever, 50.0% (95%

CI, 10.0%–90.0%) successfully caused clinically apparent DF,

but no successful transmission was achieved thereafter. As for

the extrinsic incubation period in the DENV-4 study, 66.7%

(95% CI, 27.2%–100%) of biting experiments succeeded in

transmission at 11 days. No experiments successfully caused

clinically apparent DF at 10 days or earlier, but all did so at

12 days or after.

Comparison of signs and symptoms. Table 1 compares

signs and symptoms in the 2 studies. Whereas the proportion

of those showing a rash was significantly higher with DENV-

4 ( ), the appearance of a primary and terminal rashP p .02

did not differ ( and , respectively). Sudden onsetP p .44 P p .41

was more frequently observed with DENV-1 infections (P !

), and a gradual onset was more common with DENV-4.01

( ). Saddleback (biphasic) fever was more frequently ob-P p .02

served with DENV-1 infections than DENV-4 infections (P !

). Moreover, the DENV-1 study revealed more-severe signs.01

and symptoms than the DENV-4 study with regard to the fol-

lowing: proportion of leukopenia, complaints of several kinds

of pain, variations in appetite, dizziness, a flushed face, and

injected eyes.

Incubation period versus other variables. In both studies,

age ( and , for DENV-4 and DENV-1, respec-P p .94 P p .99

tively), extrinsic incubation period ( and , forP p .23 P p .20

DENV-4 and DENV-1, respectively) and the number of mos-

quitoes ( and , for DENV-4 and DENV-1, re-P p .45 P p .77

spectively) did not show any significant correlations with in-

trinsic incubation period. Figure 3 shows the relationship

between the incubation period and duration of fever. Significant

negative correlations were observed between these 2 variables

in both studies ( [ ] and [ ],r p �0.43 P ! .01 r p �0.33 P ! .01

respectively). In the DENV-1 study, the incubation period was

also compared with other variables: minimum WBC counts

( ) and the duration of leukopenia ( ) did notP p .28 P p .55

reveal significant correlations with the incubation period, and

no association was found between the incubation period and

frequency of primary and secondary rash ( andP p .81 P p

, respectively)..86
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DISCUSSION

This study examined several aspects of the natural history of

DF based on 2 rigorous historical experiments. These studies

are unique in that the experimental details for primary DENV

infection were provided and because the etiology was known

[27]. These records are the most comprehensive of their kind

with regard to the intrinsic and extrinsic incubation and in-

fectious periods. Moreover, it was possible for us to compare

signs and symptoms as well as other epidemiologic parameters

between serotypes. Three findings were notable.

First, this study is the first, to our knowledge, to characterize

statistical details of the incubation period of DF. Usually, it is

extremely difficult to identify the time of infection for vector-

borne diseases. For this reason, the incubation period is con-

veniently extrapolated from experimental inoculation data,

travel histories of cases, or incidence data during the point

source outbreak, which offers the time of exposure [33]. Similar

data to ours (i.e., inoculation data) are available as a result of

widespread use of malaria therapy [34]. We observed that the

incubation period was negatively correlated with the duration

of fever. Assuming that the duration of fever reasonably reflects

the severity of disease, the most likely explanation for this neg-

ative correlation is a dose-response phenomenon. Other vari-

ables (e.g., minimum WBC count and the duration of leuko-

penia) were not significantly correlated with the incubation

period and were difficult to directly interpret because of limited

time precision and unclear laboratory methods. A dose-re-

sponse relationship in DENV infection is consistent with de-

scriptions from experimental studies of humans infected with

DENV-2 intracutaneously [17, 35]. In these studies, an inoc-

ulation of 10 MID/mL produced classical dengue fever, whereas

an inoculation of 1 MID/mL reportedly caused milder disease.

An experimental study of dengue in intracerebrally infected

mice also demonstrated that incubation period was negatively

correlated with the dose of inoculum [36]. Although there

might be potential confounders (e.g., underlying host-related

factors regulating susceptibility [37]), and despite the fact the

sample sizes were limited, the 2 experimental studies presented

suggest that the incubation period is an important predictor

of subsequent disease severity.

Second, based on the DENV-4 study, we found that DF cases

could be infectious to the mosquitoes even 2 days before the

onset of fever. It should be noted that we assessed this infor-

mation using the proportions causing clinically apparent DF;

that is, even though the historical studies recruited susceptible

volunteers under strict enrollment conditions, the proportions

obtained in figure 2 might have been underestimated (i.e., more

inoculations may have successfully caused silent infections and

the infectious period could start slightly earlier than is shown

here). However, this does not influence our finding suggesting

that the infectious period starts at least a few days earlier than

the symptomatic period. As for the extrinsic incubation period,

successful transmissions were observed 11 days or more after

mosquitoes took blood meals. Although, historically, this point

improved our overall understanding, adding to the findings of

Ashburn and Craig [21, 22], it has to be noted that the ex-

periments were performed from September to March in the

Philippines. The extrinsic incubation period can be influenced

by temperature and other environmental factors [38, 39], and

moreover, the population dynamics of A. aegypti also vary sea-

sonally [40].

Third, comparisons revealed that the severity of DF differed

between DENV-4 and DENV-1. The duration of fever, which

roughly corresponds to the severity, was significantly longer for

DENV-1 than for DENV-4 infections. In addition, other signs

and symptoms also supported the view that DENV-1 infection

results in a more-severe clinical appearance than infection with

DENV-4. Although it is a widely held view that primary DENV

infections in adults more often result in overt disease than

primary DENV infections in children [41, 42], our findings are

consistent with those of recent studies that suggest that primary

DENV-4 infection results in relatively mild illness [42, 43] and

that primary infections with DENV-1 result in fairly severe

manifestations [44, 45]. Most clinical studies of DF cases at-

tributed to DENV-4 are accompanied by secondary infections

in children, and, thus, the present study helped explicitly con-

firm that primary DENV-4 infections in adults tend to be rel-

atively mild.

In conclusion, this study reexamined 2 historical experi-

ments, revealing details of the incubation and infectious periods

of dengue as well as serotype-specific clinical characteristics.

We believe this knowledge will significantly enhance the overall

understanding of the natural history of DF during primary

infection.
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