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Background. One of the generally accepted constructs of dengue pathogenesis is that clinical disease severity is at least partially
dependent upon plasma viremia, yet data on plasma viremia in primary versus secondary infections and in relation to clinically rel-
evant endpoints remain limited and contradictory.

Methods.
rolled in a series of research studies executed over a 15-year period, we explored relationships between plasma viremia measured by

Using a large database comprising detailed clinical and laboratory characterization of Vietnamese participants en-

reverse transcription—polymerase chain reaction and 3 clinically relevant endpoints—severe dengue, plasma leakage, and hospital-
ization—in the dengue-confirmed cases. All 4 dengue serotypes and both primary and secondary infections were well represented.
In our logistic regression models we allowed for a nonlinear effect of viremia and for associations between viremia and outcome to
differ by age, serotype, host immune status, and illness day at study enrollment.

Results. Among 5642 dengue-confirmed cases we identified 259 (4.6%) severe dengue cases, 701 (12.4%) patients with
plasma leakage, and 1441 of 4008 (40.0%) patients recruited in outpatient settings who were subsequently hospitalized. From
the early febrile phase onwards, higher viremia increased the risk of developing all 3 endpoints, but effect sizes were modest
(ORs ranging from 1.12-1.27 per 1-log increase) compared with the effects of a secondary immune response (ORs, 1.67-7.76).
The associations were consistent across age, serotype, and immune status groups, and in the various sensitivity and subgroup

analyses we undertook.
Conclusions.
Keywords.

Higher plasma viremia is associated with increased dengue severity, regardless of serotype or immune status.
dengue; viremia; severe dengue; plasma leakage; hospitalization.

In 2019 dengue, the most common mosquito-borne viral
pathogen of humans, was identified by the World Health
Organization (WHO) as 1 of the top 10 threats to global health
[1]. Disease incidence has increased progressively over the last
50 years, with approximately 100 million dengue virus (DENV)
infections now estimated to occur annually across more than
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100 countries, including approximately 50 million febrile di-
sease cases [2].

Most symptomatic infections result in a self-limiting non-
specific viral syndrome, but a small minority of patients ex-
perience more severe manifestations. Of particular concern is
a vasculopathy that causes plasma leakage and may progress
to potentially fatal dengue shock syndrome (DSS) [3, 4]. All
4 DENV serotypes can cause severe disease, but the risk for com-
plications increases during second or subsequent infections.
Following a primary infection, long-lived immunity develops
against the infecting serotype, but protection against heterolo-
gous serotypes is short lived [4]. During a subsequent hetero-
typic (secondary) infection, antibody dependent enhancement
(ADE), acting in concert with altered T-cell responses, increases
the overall viral burden [5-9], resulting in downstream adverse
effects on vascular function. Strong evidence supports a role for
DENV nonstructural protein 1 (NS1) in disrupting the integrity
of the endothelial barrier [10, 11], with a range of cytokines,
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mast cell products, and lipid mediators also implicated in the
pathogenesis of the vasculopathy [12].

Most complications manifest during a critical period ap-
proximately 4-6 days from symptom onset, as both fever
and viremia are resolving [13], supporting the view that
immunological mechanisms play a role. However, data on
plasma viremia in primary versus secondary infections and
in relation to clinical disease severity remain limited and
contradictory. The magnitude and duration of viremia are
variously reported as being greater in primary than in sec-
ondary infections [14-17], in secondary than in primary
infections [18], or to be comparable in both groups [19].
Similarly, some studies suggest that higher viremia is asso-
ciated with severe outcomes [14-16, 20, 21], while others
report no relationship between viremia and severity [18, 19,
22-25]. However, many of these studies were small and did
not account for the rapidly changing viremia kinetics early
in the acute phase as immunological control mechanisms
become established.

Thus, although the generally accepted constructs of dengue
pathogenesis indicate that disease severity is related to/de-
pendent upon higher plasma viremia, the available evidence
is limited and inconsistent. To further explore associations be-
tween plasma viremia measured during the febrile phase and
final clinical severity, we used a large database comprising de-
tailed clinical and laboratory characterization of several thou-
sand DENV infections among Vietnamese participants enrolled
in a series of research studies over a period of 15 years.

METHODS

Study Population

The study population was derived from 4 prospective obser-
vational studies performed in Ho Chi Minh City, Vietnam
(Supplementary Appendix 1). Briefly, studies A and B ran from
2000 to 2009 enrolling children aged 5-15 years; study A in-
cluded patients with nonspecific febrile illnesses presenting
to community clinics on day 1-2 of fever while study B en-
rolled patients admitted to a pediatric dengue ward with sus-
pected dengue at any time during the febrile phase. Studies
C (Vietnamese children aged 1-15 years, 2010-2015) and D
(multicountry enrollment, children >5 years and adults, 2011-
2016) enrolled outpatients presenting with possible dengue
within 3 days of fever onset. The protocols for ongoing clinical
assessments and blood sampling differed between the 4 studies;
most notably, follow-up for participants in study C was by tel-
ephone unless the child required hospitalization. Participants
in the other 3 studies were assessed daily in person. The deci-
sion to hospitalize an individual relied solely on the physician’s
clinical judgment. For this analysis we selected all patients with
laboratory-confirmed dengue enrolled at Vietnamese study
sites.

Dengue Diagnostics

Laboratory-confirmed dengue was defined by detection of ei-
ther DENV-RNA, using reverse transcription—polymerase chain
reaction (RT-PCR), or dengue NSI antigen (Supplementary
Appendix 2). The RT-PCR methodology changed over time,
with a 2-step method being applied for studies A and B, and
with a second, more sensitive, 1-step method applied for studies
C and D. Viremia (more formally, RNAemia) was assessed on
enrollment samples. Each illness episode was characterized as
a probable primary or probable secondary infection based on
Capture IgG results (Panbio, Australia) on paired samples.

Study Endpoints

We selected 3 clinically relevant endpoints of interest—severe
dengue, plasma leakage, and hospitalization (Supplementary
Appendix 3). The definitions were based on the WHO 2009
classification [13], following standard clinical endpoint def-
initions for use in dengue intervention trials (Supplementary
Table 1) [26]. Severe dengue comprises occurrence of severe
plasma leakage, severe bleeding, and/or severe organ impair-
ment, alone or in combination. However, these 4 studies fo-
cused on collecting detailed information on plasma leakage
and bleeding, while investigations for organ dysfunction were
performed at the discretion of the responsible clinician. Since
the organ impairment data were opportunistic rather than sys-
tematic we concentrated on leakage and bleeding for the anal-
ysis. The plasma leakage endpoint includes all cases with either
moderate or severe leakage, with definitions for both entities
requiring a minimum dataset of specific information; those
missing any essential criteria were classified as indeterminate
plasma leakage.

Statistical Analysis

All viremia values were transformed to the base-10 loga-
rithm (log-10). We used logistic regression for all analyses
(Supplementary Appendix 4). We used interaction terms to
allow relationships between viremia and the study endpoints to
differ with the following potential confounders: serotype, im-
mune status, age, and illness day. Preliminary exploration of the
data indicated no influence of sex on viremia. We allowed for
nonlinear effects of log-10 viremia and age by using restricted
cubic splines with knots at the 10th, 50th, and 90th percentiles
[27]. Results are reported numerically as odds ratios (ORs) with
95% confidence intervals (Cls) and P values. We also present
the effects of the various factors on the probability of occur-
rence of each endpoint using the parameter estimates from the
logistic regression models.

Since the 4 studies differed in design, the pattern of missing
data varied. For all 3 endpoints, the primary analysis is a
complete-case analysis (Figure 1), excluding individuals with
missing serotype information. For the plasma leakage endpoint,
those with indeterminate leakage status were also excluded,
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Figure 1.

Study flow diagram. *Number testing positive for NS1 among PCR-negative cases who were tested. NS1 tests were rarely performed in study A, never done in

study B, and routine in studies C and D. Abbreviations: NS1, nonstructural protein 1; PCR, polymerase chain reaction.

while for the hospitalization endpoint, study B was excluded
since recruitment occurred after hospital admission. We also
performed secondary analyses based on multiple imputation
of missing data for unknown serotype, indeterminate plasma
leakage, and indeterminate immune status, using multiple im-
putation by chained equation (MICE) [28, 29].

Finally, we performed sensitivity analyses to investigate
whether the viremia effects differed by (1) the RT-PCR method
used and (2) outpatient versus inpatient status at study en-
rollment. For these analyses we included each variable in the
models as a main effect and with an interaction with viremia.

All analyses were performed using the statistical software R
version 3.4.4 [30] and the packages “mice” and “rms” [29, 31].

RESULTS

A total of 5686 laboratory-confirmed dengue cases were
identified from the 4 studies, with 44 subsequently excluded
(Figure 1). Baseline characteristics for the 5642 cases included
were generally similar across the 4 studies but with some var-
iation in line with the different study designs (Table 1). The

median (first, third quartile) age was 11 (8, 14) years and male
gender predominated (57.7%). Most patients (93.4%) were en-
rolled between illness days 2—4. All 4 serotypes are represented,
but DENV-1 predominated (46.7%), while DENV-3 was infre-
quently identified (10.2%). In 143 cases (2.5%) the serotype was
not determined. In 3224 patients (57.1%) the infection was clas-
sified as probable secondary dengue. The 1424 cases (25.2%)
with indeterminate immune status were primarily participants
in study C who were never hospitalized.

The frequency of the 3 endpoints differed by study (Table 1),
again reflecting differences in the individual study designs.
Overall, 259 patients (4.6%) developed severe dengue, including
243 (4.3%) with DSS and 11 (0.2%) with severe bleeding. Severe
organ impairment was diagnosed infrequently—in total, in
9 cases, all in study C. Plasma leakage was identified in 701
patients (12.4%), but 2258 patients (40.0%) could not be clas-
sified; the majority of the unclassified cases were participants
in study C who were managed as outpatients but probably had
minimal leakage. A total of 3075 patients (54.5%) were hospi-
talized, but after excluding study B this proportion fell to 40.0%
(1441/4008) of all patients recruited in outpatient settings.
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Table 1. Summary of Variables of Interest and Clinical Outcomes
All Patients Study D
(N = 5642) Study A (n=363) Study B (n=1634) Study C (n=2144) (n=1501)
Clinical variables
Year of enroliment, range 2003-2015 2006-2008 2003-2009 2010-2014 2011-2015
Age, median (first, third quartile), years 11 (8, 14) 12 (9, 14) 12 (10, 13) 9 (6, 11) 17 (10, 26)
Male gender, n (%) 3253 (567.7) 195 (53.7) 978 (59.9) 1211 (56.5) 869 (57.9)
lliness day at enrollment, n (%)
Day 1 415 (74) 59 (16.3) 8(0.5) 66 (3.1) 282 (18.8)
Day 2 1604 (28.4) 150 (41.3) 233 (14.3) 623 (29.1) 598 (39.8)
Day 3 2309 (40.9) 114 (31.4) 606 (37.1) 968 (45.1) 621 (41.4)
Day 4 1137 (20.1) 40 (11.0) 610 (37.3) 487 (22.7) 0(0.0)
Day 5, 6 177 (3.2) 0(0.0) 177 (10.8) 0(0.0) 0(0.0)
Serotype, n (%)
DENV-1 2637 (46.7) 233 (64.2) 946 (57.9) 826 (38.5) 632 (42.1)
DENV-2 1193 (21.1) 48 (13.2) 451 (27.6) 453 (21.1) 241 (16.1)
DENV-3 575 (10.2) 80 (22.0) 189 (11.6) 197 (9.2) 109 (7.3)
DENV-4 1094 (19.4) 2 (0.6) 48 (2.9) 576 (26.9) 468 (31.2)
Unknown 143 (2.5) 0(0.0) 0 (0.0 92 (4.3) 51 (3.4)
Log-10 viremia at enrollment, median 73 (6.1, 8.2) 76 (6.6, 8.3) 70 (5.7, 8.1) 72 (6.0, 8.2) 75 (6.5, 8.4)
(first, third quartile),® copies/mL
Immune status, n (%)
Probable primary infection 994 (17.6) 134 (36.9) 290 (17.7) 254 (11.8) 316 (21.1)
Probable secondary infection 3224 (57.1) 219 (60.3) 1270 (777) 724 (33.8) 1011 (67.4)
Indeterminate immune status 1424 (25.2) 10 (2.8) 74 (4.5) 1166 (54.4) 174 (11.6)
Clinical outcomes, n (%)
Severe dengue® 259 (4.6) 6(1.7) 114 (70) 120 (5.6) 19 (1.3)
Severe vascular leakage
+ Dengue shock syndrome 243 (4.3) 6 (1.7) 114 (7.0) 108 (5.0) 15 (1.0)
+ Respiratory distress without shock 13(0.2) 0(0.0) 0(0.0) 9(0.4) 4(0.3)
Severe bleeding 11(0.2) 0(0.0) 0(0.0) 11 (0.5) 0(0.0)
Severe organ impairment® 9(0.2) NA NA 9(0.4) 0(0.0)
Plasma leakage
Severe 256 (4.5) 6 (1.7) 114 (7.0) 117 (5.5) 19 (1.3)
Moderate 445 (7.9) 37 (10.2) 220 (13.5) 66 (3.1) 122 (8.1)
None 2683 (47.6) 281 (774) 626 (38.3) 416 (19.4) 1360 (90.6)
Indeterminate 2258 (40.0) 39(10.7) 674 (41.2) 15645 (72.1) 0(0.0)
Hospitalization 3075 (54.5) 17 (4.7) 1634 (100.0) 965 (45.0) 459 (30.6)

Abbreviations: DENV, dengue virus; NA, not available; RT-PCR, reverse transcription-polymerase chain reaction.

“Calculated among the 5499 patients with positive RT-PCR.

®Individuals can be included in more than 1 of the 3 severe dengue categories.

“Laboratory investigations to detect organ involvement were not carried out in studies A or B, and were generally clinician driven rather than systematic in studies C and D.

The 3 endpoints were observed much less frequently in the
10 064 individuals for whom dengue was not laboratory con-
firmed: 0.9% severe dengue, 2.6% plasma leakage, and 21.3%
hospitalized (Supplementary Table 2). Although the majority of
this group likely had other febrile illnesses, a few individuals
may have had dengue, but by study enrollment the RT-PCR
and/or NS1 tests were already negative.

Plasma Viremia

Plasma viremia levels by illness day at enrollment, serotype, and
immune status are shown in Figure 2. Viremia levels were gen-
erally lower on later days of illness, irrespective of serotype or
immune status. Additionally, viremia was higher for DENV-1
compared with the other serotypes (Figure 2A). With respect to

immune status, viremia appeared to be slightly lower in prob-
able secondary compared with probable primary infection on
each illness day (Figure 2B).

Effect of Plasma Viremia on Clinical Endpoints

From the early febrile phase onwards, higher viremia in-
creased the risk of developing all 3 endpoints—severe
dengue, plasma leakage, and hospitalization—in each case
with a modest but clearly apparent effect (Table 2). These ef-
fects are reasonably linear on a probability scale (Figures 3
and 4) but are nonlinear in terms of ORs so we present
2 selected contrasts, each representing a 1-log change in vi-
remia. There was little indication of effect modification by
age, serotype, immune status, or illness day for severe dengue
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Figure 2. Summary of enrollment plasma viremia levels by serotype and immune status for the complete-case analysis. In each plot, plasma viremia levels are presented
by illness day and colored by serotype (A) or immune status (B). The line inside each box is the median, the upper and lower margins of each box represent the interquartile
range (25th—75th percentile), and the circle in each box is the mean plasma viremia level. Abbreviations: DENV, dengue virus; <LOD, under the limit of detection (not shown

for panel B as the numbers are the same as in panel A).

and plasma leakage, suggesting that the effect of viremia
on these endpoints is similar across the various subgroups.
However, for the hospitalization endpoint, effect modifica-
tion was apparent with respect to illness day.

In the complete-case analysis, the risk for severe dengue,
plasma leakage, and hospitalization differed by serotype. The

risk for all endpoints was highest for DENV-2 and lowest for
DENV-3 infections. For DENV-4, the risks for severe dengue
and hospitalization appeared to be borderline higher than for
DENV-1 but similar to DENV-3 for plasma leakage (Table 2,
Figure 3). Probable secondary infection strongly increased
the risk for severe dengue compared with probable primary
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Table 2. Relationships Between Variables Included in the Models and Each of the 3 Endpoints (Complete-Case Analysis)

Severe Dengue

Plasma Leakage

Hospitalization

Factor OR (95% Cl) P OR (95% CI) P OR (95% Cl) P

Log-10 viremia (copies/mL)*® .001 <.001 <.001
7 versus 6 1.13 (.88-1.43) 1.25 (1.05-1.49) 1.26 (1.09-1.47)

8 versus 7 1.16 (.98-1.38) 1.12 (.99-1.26) 1.27 (1.12-1.44)

All interactions of log-10 viremia .088 162 .003
Interaction with age .042 .500 147
Interaction with serotype .730 977 .033
Interaction with immune status .379 748 .389
Interaction with illness day .087 .001 .001

Nonlinear effect of log-10 viremia .007 .614 <.001

Age (years)*® <.001 <.001 <.001
10vs5h 1.03 (.68-1.56) .83 (.65-1.05) .60 (.42-.59)
15vs 10 .64 (.48-.85) .78 (.68-.88) .62 (.566-.69)

Nonlinear effect of age .096 .633 <.001

Serotype® .022 <.001 <.001
DENV-1 1 1 1
DENV-2 1.91 (1.24-2.95) 1.76 (1.28-2.41) 1.76 (1.29-2.40)

DENV-3 .43 (.18-1.00) .83 (.562-1.31) .48 (.32-.73)
DENV-4 1.36 (.82-2.25) .81 (.566-1.16) 1.35 (1.02-1.78)

Immune status® <.001 <.001 <.001
Probable primary infection 1 1 1
Probable secondary infection 7.76 (3.00-20.08) 2.60 (1.73-3.90) 1.67 (1.24-2.25)
Indeterminate immune status 1.47 (.45-4.79) 1.86 (.97-3.55) .05 (.04-.08)

lliness day at enrollment (per 1-day increase)® 1.71 (1.39-2.11) <.001 2.05 (1.70-2.46) <.001 1.82 (1.68-2.10) <.001

Abbreviations: Cl, confidence interval; DENV, dengue virus; OR, odds ratio.

*We allowed for nonlinear effects of log-10 viremia and age on the endpoints. To simplify interpretation of the results, ORs for 2 selected viremia and age contrasts from the models are

presented.

®Since a number of interactions are present in the models, ORs and 95% Cls are shown for patients with age = 10, serotype = DENV-1, immune status = probable secondary infection,

and iliness day at enrollment = 3.

°Since a number of interactions are present in the models, the ORs and 95% Cls are shown for patients with log-10 viremia = 7.

infection, with less marked effects for plasma leakage and hos-
pitalization (Table 2, Figures 3 and 4). With increasing age,
the risk for plasma leakage decreased almost linearly up to
30 years, while for hospitalization, there was a steeper drop
from 1 to 15 years (Figure 3), likely reflecting families’/clin-
icians” heightened anxieties about younger children. For severe
dengue, the risk was relatively stable up to 10 years before grad-
ually decreasing, potentially reflecting less efficient physiolog-
ical compensation for leakage in the younger age group. Later
illness day at enrollment was associated with an increased risk
of all endpoints (Table 2, Figure 3); less-affected individuals are
likely to improve more quickly and are therefore underrepre-
sented among those recruited later.

The imputed-data analysis showed largely similar re-
sults to the complete-case analysis (Supplementary Table
3, Supplementary Figures 1 and 2). Higher plasma viremia
significantly increased the risk for all 3 outcomes, with
little to no effect modification by age, serotype, or immune
status. In addition, patients with viremia under the limit of
detection (ie, negative RT-PCR) had a low risk for all out-
comes, similar to those with detectable but low-level viremia
(Supplementary Figures 1 and 2).

Sensitivity Analyses

The models including RT-PCR method or inpatient/outpa-
tient status at enrollment showed similar effects to the main
models, with higher viremia increasing the risk for all out-
comes in analyses both with and without imputation of missing
data (Supplementary Tables 4-7). Studies using the 1-step
RT-PCR method had lower risk of plasma leakage but higher
risk of hospitalization than those using the 2-step RT-PCR
method, probably reflecting differences in the study popula-
tions (Supplementary Tables 4 and 5). Individuals who were
inpatients at enrollment had increased risk of plasma leakage
compared with outpatients (Supplementary Tables 6 and 7).

DISCUSSION

In this pooled analysis of 5642 Vietnamese dengue cases we
have clearly demonstrated that higher viremia levels during
the febrile phase increase the risk for development of vascular
leakage and severe dengue as well as the risk of hospitalization.
Relative differences were apparent between the serotypes and
in the different immune status groups, but the probability of
occurrence for all 3 endpoints increased in line with log-10
plasma viremia, with generally consistent findings between
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Figure 3. Probability of occurrence of the 3 endpoints according to each variable included in the models. Results are based on models with nonmissing data only (complete-

case analysis). The estimated probability for each clinical outcome is shown with a heavy black line or dot, and the 95% confidence intervals are shown as the gray-shaded
regions or by the whiskers. The probabilities are estimated for log10 viremia = 7, age = 10, illness day = 3, serotype = DENV-1, and immune status = probable secondary
infection. Note that the probability of hospitalization is very low for the indeterminate immune status group because of the study design—most cases in this group come
from study C, in which a second blood sample was rarely obtained from the nonhospitalized cases. Abbreviation: DENV, dengue virus.

the complete-case and imputed-data analyses and in the sen-
sitivity analyses. However, the effect sizes were modest com-
pared with the effects of a secondary immune response, and we
did not identify a particular threshold associated with disease
progression.

Previous efforts to explore relationships between plasma
viremia and dengue severity have provided somewhat contra-
dictory findings [14-16, 18-25]. Major strengths of this work
include the very large sample size, the fact that viremia meas-
urements were obtained early and categorized by illness day,
and the rigorous endpoint classification. These characteristics,
as well as the use of statistical approaches designed to address
missing data and differences in study design, allowed us to es-
tablish conclusively the overarching relationship between vi-
remia and dengue severity and to confirm that this relationship
holds true for all serotypes and immune status groups.

As expected, we identified secondary immune status as a
strong independent predictor of all adverse outcomes. Yet, it is
notable that day-specific viremia levels were consistently lower
in probable secondary than in probable primary cases, as has
been reported previously [15, 17, 19, 21]. Possible explanations
include the fact that tissue-sequestered virus likely influences
disease pathogenesis yet is protected from detection in plasma
assays. Second, in individuals with DENV immunological
memory, higher viremia early in the illness evolution, particu-
larly if boosted by ADE, is likely to elicit more robust immune

responses, potentially shifting the viremia curve to the left and
resulting in an earlier and/or lower virus peak. Unfortunately,
however, in practice, peak viremia is rarely captured since pa-
tients seldom present before day 2-3. Interestingly, persistence
of a strong effect of immune status in multivariable models that
include viremia suggests that, while secondary infection may
indeed influence outcomes via viremia, the relationship is com-
plex and other pathways must also be involved.

Consistent with previous research, the study also confirms
that DENV-2 carries the greatest risk of adverse outcomes de-
spite manifesting the lowest daily viremia levels and that vi-
remia is typically highest for DENV-1 [14, 32, 33]. However,
in our dataset and in the literature generally, primary DENV-2
cases are underrepresented [15, 16, 18], which may confound
the serotype analysis. The existing literature on relationships be-
tween DENV-3 (151 total cases) and DENV-4 (36 total cases)
and outcome is sparse [14, 16, 20, 33], and thus the study pro-
vides confirmation that relationships with adverse outcomes are
consistent across all serotypes. Interpreting the significance of
between-serotype differences in the magnitude of plasma vi-
remia by illness day is difficult, since RT-PCR measures genome
copies and the relative proportions of infectious:noninfectious
particles could vary between serotypes and between primary
and secondary dengue.

One limitation that could affect the overall generalizability
of the findings relates to the age range of the study participants.
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Figure 4.

Probability of occurrence of the 3 endpoints according to plasma viremia level, by serotype and immune status. Results are based on models with nonmissing data

only (complete-case analysis). The estimated probability for each clinical outcome is shown by the heavy colored lines, and the 95% confidence intervals are shown as the col-
ored shaded regions. All probabilities are estimated for age = 10 years and illness day = 3. Abbreviations: DENV, dengue virus; e, number of events; n, number of individuals.

The focus of the 4 contributing studies was on pediatric dengue,
and only study D enrolled adults, who formed less than 15%
of the whole study population. We were careful to apply uni-
form definitions for the 3 endpoints across all 4 studies, but
the majority of those classified as severe dengue had DSS
(243/259 cases, 93.8%) and few cases with severe bleeding or
severe organ impairment were identified. Age-related physio-
logical factors increase the risk for DSS in children compared
with adults, while intrinsically lower normal platelet ranges and
a greater likelihood of pre-existing organ dysfunction mean
that bleeding and organ impairment are more likely to occur
in older age groups [34]. Thus, while the focus on outpatient
recruitment of children facilitated exploration of the influence
of early-stage viremia on progression to DSS, this feature also
limited our capacity to capture less-common events in older
populations. In addition, since laboratory tests to detect organ
dysfunction were not performed systematically, the outcome
data are less robust for this subcategory of severe dengue than
for the more closely observed vascular leakage and bleeding
categories. Most previous studies in adults have not found
clear evidence of an effect of viral load on disease severity, but
sample sizes were generally small with no adjustment for po-
tential confounders [16-19, 21].

Another potential limitation involves the use of 2 different
RT-PCR techniques. However, our sensitivity analysis showed
consistent associations between viremia and adverse outcomes
across both methods, indicating that the associations are robust.
In line with this, NSI-positive but RT-PCR-negative individ-
uals had a low risk of all outcomes, comparable to individuals
with documented low-level viremia. Undoubtedly, some other
study participants did have dengue but were both RT-PCR and
NS1 negative and thus were not included in this analysis; how-
ever, the proportion of missed cases in this very large study is
likely to be small.

We also acknowledge that retrospective pooling of data from
4 studies led to some heterogeneity and to issues with missing
data for certain important variables. However, we overcame
these issues through multiple imputation using the MICE
method, a well-recognized system for dealing with missing data,
and the similarities between the results of the complete-case
and imputed-data analyses provide strong reassurance that the
overall findings are robust. In real-world practice, to undertake
a prospective study of this size with uniform data collection and
laboratory evaluations would be extremely difficult, and in fact,
the heterogeneities between the studies, taken together with our
sensitivity analyses, serve to reinforce the broad generalizability
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of the results. Although this is the most comprehensive analysis
of this nature ever undertaken, in an ideal world additional data
from other ethnic groups and/or lower transmission settings
where the elderly (a high-risk group missing from our dataset)
remain susceptible to dengue would be used to establish conclu-
sively that the findings are generalizable to other populations.

In conclusion, following conflicting results from less-
comprehensive studies, this work provides clear evidence that,
regardless of the infecting serotype or the host’s immune status,
higher plasma viremia increases the risk for clinically relevant
adverse outcomes associated with dengue infection. In addi-
tion to the relevance for pathogenesis studies, this knowledge
could be utilized to develop risk-prediction algorithms aimed
at enrolling individuals at increased risk of complications in
research studies. Additionally, confirmation of a definite rela-
tionship between viremia and disease severity reinforces the
rationale for targeting viremia as an endpoint in therapeutic
intervention trials aimed at preventing and/or treating severe
dengue.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases on-
line. 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.

Notes

Acknowledgments. We thank the staff from the dengue research group at
the Oxford University Clinical Research Unit for their support over many
years, as well as the staff from the Hospital for Tropical Diseases and the
many hospitals and clinics who recruited and followed patients in the 4 clin-
ical studies with great dedication. We also gratefully acknowledge all the
patients and their families for participating in these studies.

Disclaimer. The funders played no role in the study design, data collec-
tion, analysis, interpretation or writing of the manuscript, or in the decision
to submit for publication. N. L. V. and B. A. W. confirm that they had full
access to all the data in the study and take personal responsibility for the
decision to submit for publication.

Financial support. The work was supported by the Wellcome Trust
(Wellcome Trust Senior Fellowship to C. P.S. [grant number 084368/Z/07/Z])
and core grant support to the Oxford University Clinical Research Unit
(grant numbers 077078/Z/05/Z, 077078/2/05/A, 089276/B/09/Z), and by
European Union grant FP7-281803 IDAMS (http://www.idams.eu/).

Potential conflicts of interest. S. Y. reports receiving personal fees
as a member of the Roche Advisory Board on Severe Dengue and for
work on Janssen Pharmaceuticals Advisory Board for Dengue Antiviral
Development. T. J. reports receiving personal fees as a member of the
Roche Advisory Board on Severe Dengue. B. A. W. reports receiving per-
sonal fees for consulting and travel as a member of the Data Monitoring
and Adjudication Committees for the Takeda dengue vaccine trials and
as a member of the Roche Advisory Board on Severe Dengue. All other
authors report no potential conflicts. All authors have submitted the
ICMJE Form for Disclosure of Potential Conflicts of Interest. Conflicts
that the editors consider relevant to the content of the manuscript have
been disclosed.

References

1. World Health Organization. Ten threats to global health in 2019. Available at:
https://www.who.int/news-room/spotlight/ten-threats-to-global-health-in-2019.
Accessed 17 November 2020.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Cattarino L, Rodriguez—Barraquer I, Imai N, Cummings DAT, Ferguson NM.

Mapping global variation in dengue transmission intensity. Sci Transl Med 2020;
12:eaax4144.

. World Health Organization. Dengue and severe dengue. Available at: http://www.

who.int/mediacentre/factsheets/fs117/en/. Accessed 17 November 2020.

. Wilder-Smith A, Ooi EE, Horstick O, Wills B. Dengue. Lancet 2019;

393:350-63.

. Halstead SB. Antibody, macrophages, dengue virus infection, shock, and hemor-

rhage: a pathogenetic cascade. Rev Infect Dis 1989; 11(Suppl 4):5830-9.

. Guzman MG, Alvarez M, Halstead SB. Secondary infection as a risk factor for

dengue hemorrhagic fever/dengue shock syndrome: an historical perspective
and role of antibody-dependent enhancement of infection. Arch Virol 2013;
158:1445-59.

. Katzelnick LC, Gresh L, Halloran ME, et al. Antibody-dependent enhancement of

severe dengue disease in humans. Science 2017; 358:929-32.

. Chau TN, Quyen NT, Thuy TT, et al. Dengue in Vietnamese infants—results of

infection-enhancement assays correlate with age-related disease epidemiology,
and cellular immune responses correlate with disease severity. J Infect Dis 2008;
198:516-24.

. Dung NT, Duyen HT, Thuy NT, et al. Timing of CD8+ T cell responses in relation

to commencement of capillary leakage in children with dengue. ] Immunol 2010;
184:7281-7.

Puerta-Guardo H, Glasner DR, Harris E. Dengue virus NSI1 disrupts the
endothelial glycocalyx, leading to hyperpermeability. PLoS Pathog 2016;
12:e1005738.

Glasner DR, Puerta-Guardo H, Beatty PR, Harris E. The good, the bad, and the
shocking: the multiple roles of dengue virus nonstructural protein 1 in protection
and pathogenesis. Annu Rev Virol 2018; 5:227-53.

Malavige GN, Ogg GS. Pathogenesis of vascular leak in dengue virus infection.
Immunology 2017; 151:261-9.

World Health Organization. Dengue: guidelines for diagnosis, treatment, preven-
tion and control. Geneva, Switzerland: World Health Organization, 2009.
Vaughn DW, Green S, Kalayanarooj S, et al. Dengue viremia titer, antibody re-
sponse pattern, and virus serotype correlate with disease severity. J Infect Dis
2000; 181:2-9.

Duyen HT, Ngoc TV, Ha do T, et al. Kinetics of plasma viremia and soluble
nonstructural protein 1 concentrations in dengue: differential effects according
to serotype and immune status. ] Infect Dis 2011; 203:1292-300.

Tricou V, Minh NN, Farrar J, Tran HT, Simmons CP. Kinetics of viremia and
NS1 antigenemia are shaped by immune status and virus serotype in adults with
dengue. PLoS Negl Trop Dis 2011; 5:e1309.

de la Cruz-Hernandez SI, Flores-Aguilar H, Gonzalez-Mateos S, et al.
Determination of viremia and concentration of circulating nonstructural protein
1 in patients infected with dengue virus in Mexico. Am ] Trop Med Hyg 2013;
88:446-54.

Fox A, Le NM, Simmons CP, et al. Immunological and viral determinants of
dengue severity in hospitalized adults in Ha Noi, Viet Nam. PLoS Negl Trop Dis
2011; 5:€967.

Guilarde AO, Turchi MD, Siqueira JB Jr, et al. Dengue and dengue hemorrhagic
fever among adults: clinical outcomes related to viremia, serotypes, and antibody
response. | Infect Dis 2008; 197:817-24.

Endy TP, Nisalak A, Chunsuttitwat S, et al. Relationship of preexisting dengue
virus (DV) neutralizing antibody levels to viremia and severity of disease in
a prospective cohort study of DV infection in Thailand. J Infect Dis 2004;
189:990-1000.

Tang Y, Kou Z, Zhang F, et al. Both viremia and cytokine levels associate with the
lack of severe disease in secondary dengue 1 infection among adult Chinese pa-
tients. PLoS One 2010; 5:e15631.

Simmons CP, Chau TN, Thuy T'T, et al. Maternal antibody and viral factors in the
pathogenesis of dengue virus in infants. J Infect Dis 2007; 196:416-24.

Erra EO, Korhonen EM, Voutilainen L, Huhtamo E, Vapalahti O, Kantele A.
Dengue in travelers: kinetics of viremia and NS1 antigenemia and their associ-
ations with clinical parameters. PLoS One 2013; 8:¢65900.

Singla M, Kar M, Sethi T, et al. Inmune response to dengue virus infection in
pediatric patients in New Delhi, India—association of viremia, inflamma-
tory mediators and monocytes with disease severity. PLoS Negl Trop Dis 2016;
10:e0004497.

Perdomo-Celis F, Salgado DM, Narviez CF. Magnitude of viremia, antigenemia
and infection of circulating monocytes in children with mild and severe dengue.
Acta Trop 2017; 167:1-8.

Tomashek KM, Wills B, See Lum LC, et al. Development of standard clinical
endpoints for use in dengue interventional trials. PLoS Negl Trop Dis 2018;
12:e0006497.

Durrleman S, Simon R. Flexible regression models with cubic splines. Stat Med
1989; 8:551-61.

e1082 « CID 2021:72 (15 June) « Vuongetal


http://www.idams.eu/
https://www.who.int/news-room/spotlight/ten-threats-to-global-health-in-2019
http://www.who.int/mediacentre/factsheets/fs117/en/
http://www.who.int/mediacentre/factsheets/fs117/en/

28.

29.

30.

31

White IR, Royston P, Wood AM. Multiple imputation using chained equations:
Issues and guidance for practice. Stat Med 2011; 30:377-99.

van Buuren S, Groothuis-Oudshoorn K. mice: multivariate imputation by chained
equations in R. J Stat Softw 2011; 45:1-67.

R Core Team. R: a language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. Available at: https://www.R-
project.org/. Accessed 17 November 2020.

Harrell FE Jr. rms: regression modeling strategies. R package version 5.1-2. Available
at: https://CRAN.R-project.org/package=rms. Accessed 17 November 2020.

32.

33.

34.

Nisalak A, Endy TP, Nimmannitya S, et al. Serotype-specific dengue virus circula-
tion and dengue disease in Bangkok, Thailand from 1973 to 1999. Am J Trop Med
Hyg 2003; 68:191-202.

Suppiah J, Ching SM, Amin-Nordin S, et al. Clinical manifestations of dengue in
relation to dengue serotype and genotype in Malaysia: a retrospective observa-
tional study. PLoS Negl Trop Dis 2018; 12:¢0006817.

Trung DT, Thao le TT, Dung NM, et al. Clinical features of dengue in a large
Vietnamese cohort: intrinsically lower platelet counts and greater risk for bleeding
in adults than children. PLoS Negl Trop Dis 2012; 6:¢1679.

Dengue Viremia and Adverse Outcomes « CID 2021:72 (15 June) « e1083


https://www.R-project.org/
https://www.R-project.org/
https://CRAN.R-project.org/package=rms

